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Surface Enhanced Raman spectroscopy (SERS) of biomolecules 
N. B. C. Pfukwa 
Department of Physics 
Stellenbosch University 
Private Bag X1, Matieland 7602, South Africa 
Thesis: MSc (Physics) 
March 2016 
 
Raman spectroscopy (RS) is an invaluable technique for sample identification. This 
method requires little sample preparation and is not completely non-invasive. The 
intensity of Raman scattered light can be enormously increased or boosted when a 
sample molecule is adsorbed on a metallic surface, a technique known as Surface 
Enhanced Raman spectroscopy (SERS). Since the development of this technique a lot of 
studies have been done on molecules adsorbed on various types of metallic structures 
due to the sole purpose of the increase in Raman signal which occurs under such 
conditions. This has led to the applications of SERS in industry and in basic research. 
In this study, silver and gold nanospheres of average size 20 nm were successfully 
synthesised and characterised using UV-Vis (Ultraviolet-visible) spectroscopy and 
Transmission Electron Microscopy (TEM). Two RS setups were available, a double 
stage Raman spectrometer using 514.5 nm Ar
+
 laser as excitation source and a single 
stage Raman spectrometer using 532 nm frequency doubled Nd:YAG laser as excitation 
source. The synthesised silver nanospheres were employed in SERS studies on 
biomolecules (amino acids) using the single stage Raman setup with the aim of 
advancing SERS as a bio-analytical tool using our in-house developed RS setup. 
Qualitative analysis was done on amino acid spectra by band profiling and quantitative 
analysis was performed by carrying out concentration studies so as to determine the 
detection limit of the measuring instrument. Results are explained based on the setup 
used and by comparing with what is expected from literature. 
It was found that amino acids mostly adsorb on a metallic surface via the common 
carboxylate, amine and R-groups. This is due to the availability of free electron pairs on 
the oxygen and nitrogen atoms which take part in charge transfer mechanisms and 
promote chemical enhancement. It was also observed that some amino acids have 
functional groups which either have strong affinity for metals or have an electronic 
structure that contribute to chemical enhancement, thus boosting the Raman signal. A 
low detection limit of 1x10
-4
 M from amino acid L-Lysine was obtained. Ultimately, 
these results are new and provide a set of measurements done on four groups of amino 
acids using gold and two types of silver nanoparticles. These results form a foundation 
for future studies on larger biological organisations using the setup available in our labs.  
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Oppervlak versterkte Raman spektroskopie van bio-molekules 
N. B. C. Pfukwa 
Department of Physics 
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Private Bag X1, Matieland 7602, South Africa 
Tesis: MSc (Physics) 
Maart 2016 
 
Raman spektroskopie (RS) is ŉ waardevolle tegniek om onbekende molekules mee uit 
te ken. Die metode verg baie min voorbereiding van die monster en is meestal nie-
indringend. Die intensiteit van die Raman verstrooide lig kan noemenswaardig vergroot 
of versterk word wanneer die molekule wat ondersoek word geadsorbeer is op ŉ metaal 
oppervlak, ŉ tegniek wat Oppervlak Versterkte Raman Spektroskopie (SERS) genoem 
word. Sedert die ontwikkeling van die tegniek, is daar al talle studies gedoen op 
molekules wat op ŉ groot aantal verskillende metaal strukture geadsorbeer is, met die 
doel om die Raman sein wat onder die toestande ontstaan te vergroot. Dit het gelei tot 
toepassings van SERS in industrie en basiese navorsing.  
In hierdie studie is silwer en goud nano-sfere van gemiddeld 20 nm in deursnee 
suksesvol gesintetiseer en gekarakteriseer deur middel van UV-Vis (ultraviolet – 
sigbare) spektroskopie en Transmissie Elektron Mikroskopie (TEM). Twee RS 
opstellings was beskikbaar; ŉ dubbele rooster Raman spektrometer met ŉ 514.5 nm Ar+ 
laser as bron en ŉ enkel rooster Raman spektrometer met ŉ 532 nm frekwensie 
verdubbelde Nd:YAG laser as bron. Die gesintetiseerde silwer nano-sfere was gebruik 
in SERS meetings op bio-molekules (aminosure) met die enkel rooster Raman 
opstelling met die doel om SERS te bevorder as ŉ bio-analitiese tegniek deur gebruik te 
maak van ons tuisgeboude Raman opstelling. Kwalitatiewe analises was op die spektra 
van die aminosure gedoen deur na die profiele van die Raman bande te kyk, terwyl 
kwantitatiewe analises gedoen is deur middel van konsentrasie studies om die deteksie 
limiet van die aminosure op die instrument te bepaal. Die resultate word beskryf in die 
konteks van die opstelling wat gebruik is en deur hulle te vergelyk met die literatuur. 
Dit was gevind dat aminosure hoofsaaklik via die karboksilaat, amien, en R-groepe op 
die metaal oppervlaktes adsorbeer. Dit is weens die beskikbaarheid van vrye 
elektronpare op die suurstof en stikstof atome wat deel neem aan ladingsuitruil 
meganismes en sodoende chemiese versterking bevorder. Dit was ook gevind dat van 
die aminosure funksionele groepe bevat wat of ŉ sterk affiniteit vir metale het, of ŉ 
elektron struktuur het wat bydrae tot chemiese versterking, en sodoende die Raman sein 
vergroot. ŉ Lae deteksie limiet van 1x10-4 M was gevind vir L-Lysine. Op die ou end is 
die resultate nuut en verskaf dit ŉ stel meetings gedoen op vier verskillende groepe 
aminosure deur gebruik te maak van goue en twee tipes silwer nanopartikels.  Hierdie 
resultate vorm die grondslag vir toekomstige studies op groter biologiese strukture met 
die bestaande toerusting in ons laboratorium.  
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1 Introduction 
For over 100 years microorganisms
1
 have been scientifically studied and documented. 
One early discovery about microorganisms namely biofilms was in 1933 when Henrici, 
A. T. discovered that water bacteria were not always floating freely in water, but would 
grow on submerged surfaces [1].  
Biofilms represent a type of microorganisms attached to either biotic or abiotic surfaces. 
By definition, biofilms are communities of microorganisms implanted in a matrix of 
extracellular polymeric substances (EPS) [2], [3]. On earth, 99% of microorganism life 
is represented as biofilms [2]. Under nutrient-sufficient environmental conditions 
bacteria initiates the development of biofilms from attachment of microorganisms, 
growth of cells, development of biofilm up to the termination of biofilms [1]. Basically, 
depending on what type of biofilm it is, biofilms can consist of up to 90% EPS which 
helps maintain the outer structure of biofilms. EPS is essential for biofilm life. It mainly 
consists of proteins, polysaccharides, lipids, nucleic substances and natural organic 
materials [2], [3].  EPS also prevents biofilm dehydration, mediates communication 
amongst cells and protects cells from environmental hazards [2], [4]. What EPS is made 
up of and its conformation is greatly influenced by its age, the nutrients available, cells 
present and their metabolic activities as well as its physical environment
 
[2], [5]. EPS is 
divided into two types which are soluble EPS and bound EPS. Soluble EPS includes 
colloids, slimes and soluble macro-molecules whereas bound EPS constitutes of loosely 
bound polymers, sheaths, capsular polymers, condensed gel and attached organic 
material. Bound EPS are closely bound to cells while soluble EPS are loosely attached 
to cells, often dissolved in solution. Studies on these classes of EPS are explained in 
detail in [6] and [7]. 
Biofilms are found in a range of environments that includes the inside walls of water 
pipes, oil pipes, catheter tubes in hospital facilities, on teeth and on rocks in water 
bodies. The impact of biofilms on the healthcare equipment includes catheter related 
infections on urinary and intravascular catheters as well as on orthopaedic implants [8]. 
Shower inner pipes also create ideal environments for biofilm formation in the home. 
Biofilms can then be released as aerosols and can cause severe effects on the lungs if 
inhaled. Drinking water can also contain biofilms
 
stemming from soiling of the inside 
walls of plumbing materials or wells [9]. In industry, biofilms develop into slime and 
accumulate inside pipelines, leading to the blockage of filters and corrosion [10]. 
Thus, in-order to have a better understanding of the biofilms, several analytical 
techniques have been employed so as to eventually be able to detect, control and 
prevent biofilm life. For biological and technical processes it is important to know and 
understand the chemical composition of biofilms. If this particular information is known 
it then helps in knowing how to carry out processes such as waste water treatment and 
to know which antibiotics are best suited for eradication and treatment of the biofilms.  
One nano-scale imaging technique is fluorescence-induced confocal laser scanning 
microscopy (CLSM). With this technique studies have been done on activated sludge in 
                                                 
1
 Other microorganisms also include yeasts, protozoa and bacteria 
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order to understand its structure and 3D volume of multispecies biofilms using different 
staining substances [11]. In that study a foundation for understanding and controlling 
biofilms was illustrated. Raman tweezers have also been used in trapping individual 
cells so as to carry out Raman micro-spectroscopy to obtain vibrational spectra that can 
be directly correlated with the chemical make-up of the trapped cells studied 
 
[12]. 
Surface Enhanced Raman Spectroscopy (SERS) has been employed as well for in-situ, 
label free imaging on biofilms in order to show the applicability of the technique in 
characterising the EPS matrix [2]. In the report by Ivleva et al on label free in-situ 
imaging of biofilms, emphasis is also made on the choice of SERS instead of normal 
Raman Spectroscopy (RS) due to the restricted sensitivity of RS and long acquisition 
times, even when using a laser with high power. Infrared (IR) absorption is another 
technique used in providing vibrational information on sample molecules. 
RS is an invaluable non-destructive tool for identifying compounds. The technique 
requires no sample preparation, and the spectra is unaffected by water since water is a 
poor Raman scatterer. This then becomes a great advantage when analysing biological 
samples however due to the small cross section of RS for various samples, RS is often 
overcome by competing signals such as fluorescence. Fluorescence diminishes the 
quality of Raman spectra and there are several ways used to address the problem such as 
the use of SERS technique. SERS shall be explained in detail in section 2.2  
Aim 
This study aims to advance SERS as a bio-analytical tool. The study shall be based on 
SERS measurements done using a new in-house built RS setup constructed in our labs. 
For understanding microbial life it is important to investigate on the chemical make-up 
of its constituent components, such as amino acids as a starting point. This is being done 
so as to pioneer future studies of larger biological organisations and microorganisms. 
Compared to other techniques SERS which stems from RS was chosen because of its 
high sensitivity for analyses of biological molecules [2]. These techniques shall be 
explained in detail. In this report the setup and calibration of a new in-house built RS 
setup is reported and evaluation of our results is done based on the performance of that 
setup. We compare and contrast the technical performance with recent reports found in 
the literature. Concentration studies were done on this new setup using two types of 
nanoparticles (NPs) in-order to determine the detection limit of the setup.  
Aim:  
To advance SERS as a bio-analytical tool. 
Objectives:  
 Setup and calibrate RS system 
 Synthesis and characterisation of metallic nanoparticles  
 Qualitative and quantitative analysis  of amino acids by RS and SERS 
Application 
Identify amino acids in egg white 
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2 Raman spectroscopy  
Raman and infrared spectroscopy are techniques used to observe the vibrational 
transitions which take place in a molecule. In IR spectroscopy the absorbed infrared 
light is measured as a function of frequency [13]. During IR spectroscopy, a molecule 
absorbs incident radiation and the molecule is promoted to higher vibrational states. The 
energy lost due to this absorbed radiation is then detected [13], [14]. RS is different and 
its background and mechanism shall be explained below. 
In 1928 RS was discovered by K. S. Krishna and C. V. Raman in India. In that time Sir 
Raman used sunlight as the source together with a telescope as a collector and his eyes 
as the detector [2], [15]. The discovery of such an outstanding phenomenon was and is 
well documented and the technique has led to great amounts of research to date. From 
the beginning Raman spectroscopy had been used in understanding molecular structure 
of substances as well as understanding the scattering processes. However, over time the 
technique evolved as it became applicable in the fields of analytical chemistry, biology, 
forensic science, biochemistry, archaeology and art, electronics and other related 
disciplines due to the short analysis times, minimum sample preparation required and 
the vast amounts of technology available. Improvements have been done in terms of the 
instrumentation used, from the use of photomultiplier tubes in 1940s and 1950s to the 
introduction of charged coupled device detectors (CCDs) in 1987 for detection [16]. 
CCDs are presently used and in this study they were employed. Instrument 
improvements have also been in the lasers used, the spectrometers and other 
holographic optical components with applications ranging from single channel to 
multichannel systems to filtration units for signal purification [17]. This has indeed 
showed the diversity of the instrumental configurations employed in this technique [17].  
RS is a sensitive, versatile tool for material analysis and its applications have evolved 
from technical developments ranging from use of fast fourier transform (FFT) to 
applications of fibre optics in RS. This has stimulated high interests in RS in the 
academic sector and in industry. Fibre optics have been utilised in RS remote sensing 
applications and research in diagnostics since fibre optics are fairly easy to align. 
Presently, many variations of RS techniques are present, such as Resonance Raman 
spectroscopy (RRS) [18], and surface techniques such as SERS. 
When light from a monochromatic light source is incident on a material several optical 
processes can occur such as absorption, transmission, emission and scattering [15]. RS 
is one technique based on the scattering of light by a material and over the years it has 
been greatly employed in studies of biological materials. 
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Figure 1: Schematic of energy levels for Rayleigh Scattering 
(elastic) and Stokes and Anti-Stokes scattering (inelastic) [19]. 
In principle, a molecule in its ground vibrational state has electrons in their lowest 
energy states. When electromagnetic radiation of energy hvo is incident on a sample 
molecule, distortion (polarisation) of the electron cloud can happen which leads to 
generation of an unreal state known as a virtual state. The molecule is excited into this 
virtual state and upon de-excitation of the molecule, a photon is scattered with its 
energy, hvo, either shifted up or down depending on the type of scattering process which 
took place. This energy shift, hvm, is termed Raman shift and it is a shift from the 
incident energy hvo. 
There are two types of scattering processes, elastic and inelastic scattering. During 
elastic scattering, there is no energy transfer between the incident photon and the 
molecule. The scattered photon will have the same energy as the incident photon and 
this is known as Rayleigh scattering [15]. In contrast, during inelastic scattering, there is 
an energy exchange between the photon and the molecule. Either the incident photon 
gives part of its energy to the molecule which leads to creation of a vibrational hot state 
and the photon is emitted with energy less than its initial energy, hvo – hvm. This is a 
process known as Stokes Raman scattering and the Raman photon created is shifted to 
the red of the incoming photon. Or the molecule will already be in an excited vibrational 
state and during inelastic scattering, the molecule makes a transition to the ground 
vibrational state giving its energy to the photon which is then emitted with higher 
energy, hvo + hvm, thus, the photon is blue shifted. This process is called anti-Stokes 
Raman scattering. During anti-Stokes Raman scattering, for molecules to already be in 
an excited vibrational state it can be due to thermal excitation [13]. This implies that at 
equilibrium the anti-Stokes scattering depends on temperature, through the Boltzmann 
distribution law. As a result the anti-Stokes signal is much weaker compared to the 
Stokes signal in a Raman spectrum with the peaks becoming exponentially weaker with 
increasing vibrational energy [13], [15]. These three processes are illustrated in fig. 1. 
Raman scattering is very weak and only a small fraction of approximately 1 in 10 
million
 
photons of the incident light beam are Raman scattered. Raman shifts are 
usually expressed in units of wavenumbers (cm
- 1
). A representation of this Raman shift 
for a specific vibrational mode with its corresponding intensity is known as a Raman 
spectrum. Peaks in the Raman spectrum are vibrational modes of the molecule with 
their corresponding energies shown as Raman shifts. The Raman spectrum is a unique 
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fingerprint of a molecule and in a spectrum, not all Raman vibrational bands have the 
same intensity. This is governed by selection rules which shall be explained further in 
section 2.1.1. 
2.1 Principles of vibrational spectroscopy 
Vibrational motions inside a molecule are described by normal modes. Each atom in a 
molecule has 3 independent normal modes of vibration known as degrees of freedom in 
3D space [13]. Consider a molecule fixed at its centre of mass with N number of atoms 
such that in total it will have 3N degrees of freedom of motion for the atoms in it, 
namely translational, rotational and vibrational. Three coordinates describe the 
translational motion around the centre of symmetry, three and two coordinates describe 
the rotational motion in non-linear and linear molecules respectively, the vibrational 
motion is then described by 3N-6 internal degrees of freedom for a non-linear molecule 
and 3N-5 internal degrees of freedom for a linear molecule [13], [15], [20] 
2.1.1 Polarisability and selection rules 
Here we explain the foundation of the use of vibrational spectroscopy for molecular 
identification and characterisation. This is illustrated using a property of molecules 
which is affected by the inter-nuclear distance and is defined by the charge distribution 
at the equilibrium geometry of the electronic state known as molecular polarisability, α. 
This section is explained with reference to; [13], [20]–[22] 
Selection rules are applied in determining whether a vibration is IR or Raman active.  
For an IR active mode, the dipole moment must change during a vibration and for a 
Raman active mode the polarisability must change during a vibration. A molecule 
experiencing an external electric field will have its electron cloud distorted. Negative 
charges migrate towards the positive pole while positive charges move towards the 
negative pole, thus inducing a dipole with a dipole moment. The ability of the 
molecule’s electron cloud to be distorted is known as polarisability. Polarisability is a 
tensor representing the shape and volume of the molecule’s electron cloud and the 
molecule’s response towards the external electric field is non-uniform in all directions. 
The tensor transforms in the x, y and z directions. In the polarisability tensor, αij, the 
indices i and j represent the x, y and z directions to make up the tensor components. The 
subscript i shows the direction of the induced dipole moment by the oscillating external 
electric field component which will be in the j direction. The tensor can be expressed in 
matrix form as: 
 
𝛼𝑖𝑗 = (
𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧
𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧
𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧
)  (1) 
 
For spectroscopic applications the tensor is considered to be symmetric; αxy = αyx, αxz = 
αzx and αyz = αzy and this reduces the number of unknowns to only six. Each 
polarisability tensor component can be written as a series expansion about the 
equilibrium geometry as: 
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𝛼𝑖𝑗 = 𝛼0 + (
𝜕𝛼𝑖𝑗
𝜕𝑞
)
0
𝑞 +
1
2
 (
𝜕2𝛼𝑖𝑗
𝜕𝑞2
)
0
𝑞2 +⋯  (2) 
 
with α0 representing the equilibrium value of the Raman polarisability tensor and q the 
deviation from equilibrium. The first derivative, which is the second term, is responsible 
for observing the vibrational fundamentals in the Raman spectrum. Polarisability is 
defined as the molecule’s response to the external electric field hence, the polarisability 
and its derivatives are second rank tensors. The polarisability derivative tensor is 
expressed as: 
 
𝛼′𝑖𝑗 = (
𝛼′𝑥𝑥 𝛼′𝑥𝑦 𝛼′𝑥𝑧
𝛼′𝑦𝑥 𝛼′𝑦𝑦 𝛼′𝑦𝑧
𝛼′𝑧𝑥 𝛼′𝑧𝑦 𝛼′𝑧𝑧
) (3) 
 
with 𝛼′𝑖𝑗 representing the first partial derivative of the derivative tensor element. Some 
of the properties of the tensor are that it is symmetric and trace invariant. For a 
symmetric tensor each vibration has six chances of appearing in the Raman spectrum. 
This further implies that at least one of the six tensor components must be non-zero in-
order for that vibrational transition to be allowed in the Raman spectrum. From this we 
then explain that RS is as a result of the molecule interacting with electric vector of the 
external electromagnetic field. During the interaction an electric dipole moment is 
induced and it is given by:  
 𝑝𝑖 = 𝛼𝑖𝑗𝐸𝑗 (4) 
 
where p, the dipole moment and E, the electric field are vectors with components in the 
x, y and z directions and 𝛼𝑖𝑗 taking the form of eqn. (1) and again as mentioned before, 
the subscript i shows the direction of the induced dipole moment by the oscillating 
external electric field component which will be in the j direction. The equation can also 
be written as 
 𝑝𝑥 = 𝛼𝑥𝑥𝐸𝑥 + 𝛼𝑥𝑦𝐸𝑦 + 𝛼𝑥𝑧𝐸𝑧 
𝑝𝑦 = 𝛼𝑦𝑥𝐸𝑥 + 𝛼𝑦𝑦𝐸𝑦 + 𝛼𝑦𝑧𝐸𝑧 
𝑝𝑧 = 𝛼𝑧𝑥𝐸𝑥 + 𝛼𝑧𝑦𝐸𝑦 + 𝛼𝑧𝑧𝐸𝑧 
(5) 
 
By expressing the equation as a series expansion for each component: 
 
𝑝𝑖 = 𝛼0𝐸𝑗 + (
𝜕𝛼𝑖𝑗
𝜕𝑞
)
0
𝑞𝐸𝑗 +
1
2
(
𝜕2𝛼𝑖𝑗
𝜕𝑞2
)
0
𝑞2𝐸𝑗 +⋯  (6) 
however, since 𝐸 = 𝐸0cos (𝑤𝑡) which is the time dependant electric field strength and q 
describes an oscillation at the natural frequency 𝜔o so that q=qocos(𝜔ot) and ignoring 
the second and higher derivatives we have: 
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𝑝𝑖 = 𝛼0𝐸0 cos(𝜔𝑡) + (
𝜕𝛼𝑖𝑗
𝜕𝑞
)
0
𝑞0cos (𝜔0𝑡)𝐸0cos (𝜔𝑡)  (7) 
 
and using the trigonometric identity: 
 
cos(𝑥) cos(𝑦) =
1
2
[cos(𝑥 + 𝑦) + cos(𝑥 − 𝑦)]  (8) 
 
eq. (7) becomes: 
 
𝑝𝑖 = 𝛼0𝐸0 cos(𝜔𝑡) + (
𝜕𝛼𝑖𝑗
𝜕𝑞
)
0
𝑞0𝐸0𝑐𝑜𝑠(𝜔0 − 𝜔)𝑡
+ (
𝜕𝛼𝑖𝑗
𝜕𝑞
)
0
𝑞0𝐸0 cos(𝜔0 + 𝜔) 𝑡  
(9) 
 
Where, according to classical theory, the first term represents Rayleigh scattering, the 
second term is for Stokes Raman scattering and the third term is for anti-Stokes Raman 
scattering.  
 
Figure 2: The changes in the polarisability ellipsoid during vibrations for CO2 molecule 
(left) and the Raman spectrum of CCl4 (right) at 488.0 nm excitation [13]. 
 
For linear molecules such as CO2, polarisability, α, is observed along the chemical 
bond. A plot of 
1
√𝛼𝑖
 , with α in the i direction, would give the polarisability ellipsoid and 
this is shown in fig. 2 (left). A vibration mode would then be considered as Raman 
active if the size, shape or orientation of the ellipsoid changes during a normal 
vibration. This is the case for ν1 in fig. 2 (left), polarisability is changing in all directions 
and (∂α/∂qn)0 ≠ 0. Vibrations ν2 and ν3 have their polarisability changing symmetrically 
with respect to q, thus (∂α/∂qn)0 = 0 rendering the vibration not Raman active.  
For RS and SERS studies, it is possible that some modes of vibration which do not 
appear in the normal RS will appear in the SERS while others may disappear or appear 
much stronger. This cannot be given any straightforward explanation. However, the 
intensity of Raman modes as shown above in eq. 5 depends on the polarisability of the 
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bond, which in turn is determined by symmetry of the molecule and associated selection 
rules [23]. When a molecule is in contact with the surface of a metal, distortion occurs 
to the molecular structure bringing about geometric differences and a modification of 
the molecule’s symmetry compared to its native solution phase structure [23].  
For molecules which have a centre of symmetry, when they are in close proximity to a 
metallic surface there is a change of symmetry which occurs which consequentially 
changes intensities and the transition probabilities. The rule of mutual exclusion 
illustrates that Raman bands which are present in RS are absent in IR spectroscopy and 
vice versa. This rule only applies to those molecules with a centre of symmetry, 
however, when this feature is lost, the rule of mutual exclusion no-longer applies and 
similar bands can be found in both the Raman spectrum and the IR spectrum.  
Inspection of the normal mode provides information on whether a vibration mode is 
infrared or Raman active, but this simple notion is inapplicable to larger molecules. 
Modes are altered depending on the orientation of the molecule as it lies on the metal 
surface, i.e. whether the molecule is parallel or perpendicular to the surface. However, 
polarisability must change during a particular Raman vibration while the dipole moment 
remains the same, the reverse of an infrared absorption driven transition. 
For molecular systems observation of a vibrational transition is highly dependent upon 
the polarisability of the molecule. In RS not all vibrational transition are allowed, some 
are forbidden according to the selection rules which are applied to each normal 
vibration. Thus, peaks which appear in a normal Raman spectrum show the Raman 
active modes of vibration providing the molecular fingerprint. Fig. 2 above shows the 
Raman spectra of CCl4. In that spectra the anti-stokes lines appear weaker than Stokes 
lines. However, both Anti-stokes and Stokes lines are symmetric about the excitation 
laser line. Due to the strength of the Stokes lines, they are considered in this study. 
2.1.2 Raman cross section 
The function ‘cross section’ connects theory and experiments for inelastic scattering. 
The overall Stokes-scattered light averaged over all random molecular orientations is 
proportional to the incoming photon flux [20]. This is mathematically expressed as: 
 𝐼𝑅𝑆 = 𝜎𝑅𝑆𝐼0  (10) 
 
where IRS is the intensity of Raman scattered light, Io the initial intensity of the light 
beam and the constant of proportionality, 𝜎RS, known as the Raman cross section. This 
Raman cross section is dependent upon the excitation frequency. Cross section is 
explained as the target area presented by the molecule for absorption or scattering 
purposes [20].  
In this study, for analysis of biomolecules, RS was chosen mainly because when 
working with biological samples, the technique shows a weak Raman spectrum for 
water. Water is a poor Raman scatterer and for measurement of aqueous samples there 
would be little interference from the solvent. Though RS is similar to infra-red (IR) 
spectroscopy in the sense that they both provide vibrational information of samples, 
each one has advantages over the other. With IR spectroscopy there is strong absorption 
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of water which limits the technique for measurements of aqueous biological samples. 
Thus, the technique RS is employed instead. With RS, small sample quantities can also 
be measured, ranging from gases, liquids, powders and fibres [14]. However, the 
technique also comes with disadvantages. Firstly, the technique requires careful 
operation by use of computer software to drive the equipment and setting of measuring 
conditions. In this study it was of utmost importance for the measuring conditions to be 
followed per equipment through the measurement. This was important as it would 
contribute greatly to setting of the standard measuring protocols of biomolecules. 
Fluorescence is also another aspect which affects Raman signals especially when 
dealing with biological samples. It affects the quality of Raman spectra and in some 
cases it may completely camouflage the weak RS peaks. One such method which tries 
to address this problem, amongst many, is SERS which shall be further explained 
below. 
2.2 Surface Enhanced Raman spectroscopy (SERS) 
SERS is a form of RS technique whereby high Raman cross section is achieved due to 
the sample molecules being in close proximity to the metallic surface. It is an analytical 
method for characterising biological molecules and with SERS as a technique, the 
Raman signal is increased significantly relative to the fluorescence. SERS relies on the 
enhancement of the Raman signal by several orders of magnitude through the 
interaction of the sample molecule and a metallic surface, usually silver (Ag) or gold 
(Au).  This results in shorter acquisition times during measurements and a marked 
improvement in signal to noise ratio. Since its establishment the technique has received 
great appreciation and considerable interest in the analysis of fluorescence prone 
biomolecules. 
From this technique, it is possible to extract information on orientation of the sample 
molecule on the metallic surface. The first observation of SERS was reported by 
Fleischman et al. when studies were done on pyridine
2
 and a large enhancement was 
observed using a silver electrode surface [24]. Verification on pyridine and further 
studies on amines were then carried out by Jeanmaire and Van Duyne, and Albretch and 
Creighton, and the adsorbed samples gave enhancements in the order of 10
5
-10
6
 [25] 
[26]. These and other early findings prompted and forged ahead studies of molecules 
adsorbed on metallic structures due to the reason that a molecule in close proximity to a 
metallic surface gave increased intensity as compared to an isolated molecule. This then 
led to use of metallic structures in RS, now called SERS, in studying solids, liquids, 
gases, powders and fibres to date [13].  
2.2.1 Principles of SERS 
Ultraviolet to infrared laser excitation sources are utilised for SERS studies. Along with 
the laser wavelength used it is also important to choose the most effective type of metal 
to bring about the SERS effect. Several types of metallic surfaces have been used 
including electrochemical surfaces [27] and the use of metallic structures in colloidal 
                                                 
2
 Pyridine is a basic heterocyclic organic compound which has a structure similar to that of benzene, but 
with one methane group replaced with a nitrogen atom. 
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solution [21], [28]. The results of which revealed that the substrate nature has great 
influence on the enhancement of Raman signals. 
For a molecule adsorbed on a metallic surface, for there to be a Raman signal 
enhancement there must be an enhancement in molecular polarisability. Enhancement is 
brought about due to mechanisms involved between a molecule and a metallic surface 
which include chemical and electromagnetic enhancement. By employing either 
roughened or fine metallic surfaces, under the influence of an external optical field and 
according to the two enhancement mechanisms (chemical and electromagnetic 
enhancement), there is the generation of surface plasmons on the metal surfaces [29] 
which further promote the increase of the Raman signal. This shall be illustrated in 
sections below. 
Metallic colloids can be made from different metals such as silver (Ag), gold (Au), 
aluminium (Al) and copper (Cu) [30] with Ag and Au being preferred [31]. Each 
material has characteristic surface plasmons which are size dependant [30] and in this 
study Ag and Au were employed for SERS on biomolecules. Though SERS has greater 
sensitivity compared to RS, several challenges are also encountered while in the process 
of obtaining amplified Raman signals. Some of the challenges being photo-dissociation
3
 
of adsorbed molecules which will leave its own fingerprints on SERS spectra as well as 
the presence of impurities which further complicates analyses of SERS spectra [20]. 
  
                                                 
3
 This is the breaking down of a chemical compound when it interacts with one or more photons. Also, 
known as photolysis or photo-decomposition. 
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3 Metallic colloids as SERS substrates 
In this section we explain mechanisms which bring about signal enhancement due to 
sample molecules being in close proximity to metallic surfaces and connect this to SERS.  
Signal enhancement crucially depends on the SERS substrate. Since the independent 
discoveries by Creighton et al and Jeanmaire et al in 1977 that the enhancement of 
Raman scattering was attributed to an intrinsic surface enhancement effect, significant 
attention has been given to the successful fabrication of SERS substrates due to the fact 
that applications greatly rely on the activity and reproducibility of the substrate [25], 
[26]. The mostly used SERS substrates are metallic colloidal particles. Colloids are a 
state of matter in between a solution and a suspension. They are not a solid since they 
do not have a rigid structure and they cannot be classified as a solution since the solute 
will not be completely dissolved in the solvent. When considering SERS colloids, they 
are an artificially made substance comprising of particles dispersed in a fluid medium, 
either air, liquid or gel. The colloidal particles generally tend to have large relative 
molecular masses, have diameter sizes in the order of nano-meters (1-100 nm), thus, 
they are also known as nanoparticles [31]. Nanoparticles can be made into any shape, 
for example nanospheres, nanotriangles or nanorods [29], [32], [33] and many other 
shapes. Compared to their bulk material, colloidal nanoparticles offer great Raman 
signal enhancement which is the foundation of SERS. Unlike solid or bulk SERS 
substrates, colloidal nano-structures allow the use of high laser power as there is 
minimal burning of samples. Nanoparticles also have the ability to scatter visible light 
when they are dispersed in a solvent, this is known as the Tyndall effect. Thus, the 
technique UV-Vis absorption spectroscopy can be used to characterise the size and 
morphology of nanoparticles since it is based on how electromagnetic radiation interacts 
with matter[34], [35]. 
There are several methods of making metal colloids which include photo-induced 
reduction, laser ablation and chemical reduction in aqueous and non-aqueous media 
[36], [37]. By applying these and other types of nanoparticle preparation methods, the 
nanoparticles can be used for several purposes which include use as chemical catalysts 
[38], [39], biosensors [33], [40], used in bio-imaging [41], used as anti-bacterials [42] 
and in SERS applications [25], [30], [31], [34], [35], [43]. The most widely used 
method of preparation is preparation by chemical reduction and this tends to form 
different sized particles suspended in a liquid (colloids). Chemical reduction is mainly 
used because it is easily achieved, it produces stable suspended nanoparticles, there is 
rapid preparation of colloidal particles and there is production of stabilising counter-ions 
during the reaction, preventing large multi- particle units [31]. The particle size and 
distribution are affected by how the method is carried out. Furthermore, the method of 
colloid synthesis highly affects the nature, morphology and environment of the colloids 
and this is important to consider for SERS applications [34], [35]. The main chemical 
reaction for preparation of nanoparticles is reduction of a metallic assay by different 
types of reducing agents in solution. Typical reducing agents include hydroxylamine 
hydrochloride [34], [35], sodium borohydride and trisodium citrate [34]. By controlling 
the reducing agent, reaction temperature, pH of reactants and reaction time, nanoparticles 
of varying shapes and sizes can be synthesized.  
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Several metals have been utilised before in making metallic colloids. Those favourable 
for modern optical techniques such as SERS being Ag and Au [31]. Silver is the one 
widely used due to its high stability, broad plasmon resonance and easy preparation 
[34]. Silver and gold nanoparticles are commonly utilised as SERS protein substrates 
due to their optical properties as they can generate strong surface plasmon resonances 
[43], [44]. However, silver nanoparticles tend to offer better resonance peaks which are 
sharper than those of gold. Hence, silver usually provides better sensitivity in 
techniques such as SERS.  
In the past decade research has been done on effects of metallic nanoparticles towards 
biological substances. Nanoparticles are one of the most promising substances being 
looked at for their applications in chemistry, industrial applications in manufacturing 
nanoparticle-related products which include clothes, cosmetics, toys and devices and  in 
medical applications such as antimicrobial coatings, cancer detection and wound 
dressing [45], [46]. Thus, due to these and many other applications nanoparticles of 
different metals, sizes, made using various methods and having different surface 
charges have been investigated as these factors affect the performance of nanoparticles. 
This ultimately implies then that for engineered nanoparticles, by altering any one of 
those factors, the performance or characteristics and interaction of nanoparticles with 
molecules is consequently affected. 
Interaction of nanoparticles and proteins is explained according to the surface chemistry 
between the nanoparticles and proteins (amino acids). The surface chemistry is according 
to selective adsorption of proteins caused by electrostatic interactions [47]. The selective 
adsorption of the amino acids is according to the amino acid functional groups and their 
affinity for positively charged metals. Some of the known functional groups include the 
carboxyl, amine, hydroxyl and thiol (also known as the sulphur (S) group) groups. The 
bonds formed include the anchoring bonds, where the lone pairs of electrons of oxygen, 
sulphur or nitrogen are transfered to the metal, and the non-conventional hydrogen bonds 
where the lone electron pairs of the metal are transferred to the anti-bonding orbital of 
O-H and N-H bonds [47]. The sulphur group is usually found on the peripheral of large 
proteins and anchors very well to metals such as Ag and Au. For SERS purposes, the 
strong bonds formed between a functional group and a metal promotes charge transfer 
between the two and charge transfer in turn greatly enhances the Raman signal via 
chemical enhancement. For a greater SERS effect it is also vital to tune/ choose a laser 
wavelength which matches the wavelength that the nanoparticles absorb according to 
their size, thus promoting near-resonance excitation which increases the Raman signal.  
For nanoscience and nanotechnologies it is vital to consider the toxic effects of 
nanoparticle interaction with biomolecules. Studies have been done on toxic effects of 
nanoparticles on cell walls of the E.coli
4
 bacteria. The production of silver ions from 
nanoparticles in aqueous state results in the produced ions binding with the sulphur 
group of the inner cell structures of proteins, thus prohibiting them from carrying out 
their task [46]. Studies done on stem cells [48] have shown that nanoparticles can have 
negative influences on living organisms depending on the nanoparticle concentration, 
size and how they were prepared.  
                                                 
4
 E.coli is a rod-shaped bacterium found in the lower intestine of warm blooded organisms. 
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Compared to silver nanoparticles (AgNP), gold nanoparticles (AuNP) tend to quench 
fluorescence to a certain degree. When performing SERS measurements it is essential to 
consider the nature of samples to be analysed. Samples which fluoresce, such as 
biomolecules, have fluorophores which emit at wavelengths above 500 nm. This means 
the light photons absorbed have a wavelength which is below that of 500 nm. 
Ultimately, this then implies the importance of having nanoparticles of a size which 
makes them absorb light in the range above 500 nm and at the same time choosing a 
laser wavelength which matches the wavelength absorbed by those nanoparticles to 
ensure near-resonance excitation. In this study, a 532 nm laser was utilised, hence the 
average size of synthesised nanoparticles was 20 nm for both AuNP and AgNP.  For 
AuNP, the 20 nm sized nanoparticles absorb light in the range 500 – 550 nm (blue – 
green colour) [32], [49] and hence they tend to quench fluorescence. Energy transitions 
favourable for fluorescence to take place are not supported. On the other hand, 20 nm 
sized AgNP absorb wavelengths below 500 nm and fluorescence quenching is 
minimised however, the SERS enhancement factor for Ag is 10 to 100 times more than 
that of Au [34]. Other  desirable properties for Au surfaces are that the oxidation 
potential of Au is higher than that of Ag such that there is prevention of oxidant 
formation and also biological molecules bound to Au surface retain their conformation 
[50].  
As a result, great care was taken in synthesising the nanoparticles in order to ensure the 
right physical properties (size and shape) which would lead to a greater SERS effect. 
Applications and uses of nanoparticles in industry include the use of nanoparticles made 
from transition metals such as platinum for catalysing and speeding up chemical 
reactions and by using smaller sized nanoparticles, large surface areas can be achieved 
using small volumes of the colloid [32]. In biology and medicine, detection of trace 
substances is achieved by utilising nanoparticles as they are environmentally sensitive, 
making it possible and easier to track and detect contaminants [32]. Technological 
applications include the use of nanoparticles in making memory elements, due to their 
small size, information can be saved and stored on a small area which requires not much 
space [49].  Other applications are in photonics and antimicrobial applications.  
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3.1 Localised Surface Plasmon Resonance (LSPR) 
 
Figure 3: Schematic of LSPR showing free conduction band 
electrons in the metal nanoparticle oscillate due to coupling 
with incident light [51]. 
 
In bio-sensing and detection the optical properties of nanoparticles are exploited. Metallic 
nanoparticles of sizes smaller than the wavelength have free electrons in the conduction 
band, which when excited by light in the visible and near-infrared region display unique 
and strong optical resonances [52]. Upon excitation of the conduction electrons by 
incident photons, the electrons coherently oscillate as shown in fig. 3. This collective 
oscillation is known as surface plasmon resonance and its frequency depends on the 
shape, size composition and distance separation of nanoparticles [33], [53]. The oscillating 
surface electrons produce an oscillating dipole which oscillates with its own characteristic 
frequency, thus producing localised electromagnetic radiation [30]. The increased 
electromagnetic field enhances Raman signals for molecules close to the metal 
nanostructures. Localised Surface Plasmon Resonance (LSPR) differs from surface 
plasmon resonance (SPR) in the sense that the former has the resonance electrons 
oscillating on the nanostructure and not on a metal dielectric interface [51]. Thus, the 
electromagnetic field exponentially decays on the order of 200 nm for SPR while for 
LSPR it decays on the order of 6 nm [54]. This reduced exponential decay in LSPR 
provides increased sensitivity to refractive index changes on the metal surface and this 
forms the basis for LSPR applications in bio-sensing [54]. There are two known 
explanations of enhancement, namely chemical and electromagnetic enhancement [35].  
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3.2 Enhancement and enhancement factors 
The mechanisms of electromagnetic and chemical enhancement are explained below 
with reference to [20], [30], [55], [56] and [57].  
 
Figure 4: A schematic representation of electromagnetic and chemical 
enhancement. Electromagnetic enhancement shows, ?⃑? 0, which is the incoming field. 
The outgoing field, ?⃑? 𝑅 , represents a resultant electromagnetic field which the 
molecule experiences. ?⃑? 𝑅  is the sum of the incident field, ?⃑? 0 , and the field 
produced by the oscillating dipole, ?⃑? 𝑑𝑖𝑝 . In chemical enhancement below the 
processes (i) and (ii) show the charge transfer which happen between the metal and 
the molecule and the double arrow indicates the resonant Raman processes which 
happen in the molecule’s electronic states [30], [57]. 
 
Electromagnetic enhancement 
A metal atom comprises of a nucleus surrounded by a cloud of electrons. The attraction 
between the nucleus and the electrons keeps the electrons in their respective orbitals. 
For nanoparticles made from noble metals which are utilised for SERS applications, 
each type of metal has its own characteristic plasmon (collective oscillation of 
electrons) associated with it. This characteristic plasmon is also size dependant. When 
the plasmon electrons are excited by an external electric field, they oscillate leading to 
the induction of an oscillating dipole which has its own characteristic frequency. The 
oscillating induced dipole generates a localised electromagnetic field, thus any molecule 
in close proximity to the nanoparticle experiences a field equal to the sum of the 
external electric field, ?⃑? 𝑜 , and the field generated by the induced dipole, ?⃑? 𝑑𝑖𝑝 . As a 
result, a resultant incoming electromagnetic field experienced by the molecule will be, 
?⃑? 𝑅 = ?⃑? 0 + ?⃑? 𝑑𝑖𝑝. After the resultant incoming field interacts with the molecule, ?⃑? 𝑆, then 
represents the red shifted dipole radiation in the case of Stokes scattering and ?⃑? 𝐷 stands 
?⃑⃑? 𝑹 = ?⃑⃑? 𝟎 + ?⃑⃑? 𝒅𝒊𝒑 
?⃑⃑? 𝑺 
Molecule 
?⃑? 𝑫 
?⃑? 𝑹𝒆𝒔 = 𝑬𝑺⃑⃑ ⃑⃑  + 𝑬𝑫⃑⃑⃑⃑  ⃑ 
 
𝑬𝟎⃑⃑ ⃑⃑   
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for additional elastically scattered light. Thus, the resultant outgoing field detected after 
Stokes RS will be ?⃑? 𝑅𝑒𝑠 = ?⃑? 𝑆 + ?⃑? 𝐷 . This is as depicted in fig. 4. Electromagnetic 
enhancement plays a key role in SERS. A molecule in close proximity to the metal 
surface will have a strong Raman signal due to the increased electromagnetic field 
which it experiences resulting in SERS.  
Chemical enhancement 
During chemical enhancement, the sample molecule has to be in direct contact with the 
metal nanostructure since bonding has to occur. Electronic coupling between metal and 
molecule leads to charge transfer which in turn increases the Raman cross section [30], 
[33]. Charge transfer between the electronic levels (the highest occupied molecular 
orbitals (HOMO) to the lowest unoccupied molecular orbitals (LUMO)) of the 
adsorbate
5
 and the metal orbitals leads to the observed broadening and shifting of bands 
in the Raman spectra as well as the appearance of new bands. In fig. 4 the processes (i) 
and (ii) show the charge transfer which happens between the metal and the molecule. 
The double arrow indicates the resonant Raman processes which happen in the 
molecule’s electronic states. These mechanisms are well illustrated by [57] and [30].   
Enhancement Factors (EF) 
Enhancement factor is considered to be the magnitude by which the signal increases 
from a normal Raman signal, IRS, to a surface enhanced Raman signal, ISERS. The two 
signals are compared when measurements were taken under the same conditions of laser 
power, laser wavelength, angle of incidence of the laser and use of the same 
spectrometer [58]. Thus, the enhancement factor is a value used to characterise the 
strength of the SERS effect. There are several types of enhancement factors such as 
Single Molecule EF (SMEF), Orientation-Averaged Single Molecule Enhancement 
Factor (OASMEF) and average enhancement Factor (AEF) [59]. Enhancement factors 
are distinguished based on their sensitivity to experimental conditions, the SERS probe 
in use and the SERS substrate [58]. In this study, a simple procedure of finding the ratio 
between ISERS and IRS was calculated in order to find the enhancement factor. These 
calculations and values are in the section 6.1 in this report. Depending on the excitation 
wavelength enhancement factors are known to range from a factor of 10
4
 to 10
11
 [60].  
3.3 LSPR dependence on nanoparticle distance 
separation and morphology 
From theory it has been shown that two or more aggregated nanoparticles can result in a 
stronger Raman signal enhancement as compared to the signal from individual particles 
[33]. Aggregation is one way in which the LSPR effect can be controlled. This is due to 
the coherent interference of the coupled electromagnetic fields of the nanoparticles. 
Nanoparticles on their own enhance the Raman signal but aggregated nanoparticles, 
with distance separation smaller than the wavelength of light, can create a much 
stronger enhancement [33], [55]. The spectral wavelength for clustered nanoparticles 
                                                 
5
 An adsorbate is a substance adsorbed. In this case it will be the sample molecules adsorbed onto the 
metal surface. 
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tends to red shift or even approach the near infra-red region, thus, enabling the colloids 
to be used in analysis of biological tissue with minimum absorption [61]. Aggregation 
of nanoparticles is usually achieved by using surfactants, organic amines, mineral acids 
or the use of inorganic salts such as KCl, MgSO4, NaCl, NaBr, NaNO3 or the target 
molecule itself. However,  most chemicals are not well-suited for biomolecule 
aggregation [31], [43]. Upon addition of anions, nanoparticles form clusters/ 
agglomerates such that a molecule can be located in-between the clusters. Direct contact 
between molecule and nanoparticle is essential in order for electronic coupling to 
happen which in turn increases the Raman cross section as charge transfer occurs 
resulting in a much greater enhancement [55]. This region in which the molecule will be 
trapped in is called a “hot spot” and enhancement factors under such a situation can be 
as high as 10
12
 [60]. Studies have shown that aggregation of AgNP with negative ions 
such as citrate or halide ions (chlorine, bromide, iodide ions) greatly amplifies the 
Raman scattered light with enhancement as much as 10
11
-10
12
 [55].  
Three major reasons for the Raman signal enhancement reported were due to increased 
electromagnetic field brought about by aggregated nanoparticles. The first reason, as 
explained by Wang and co-workers reported on how concentrations as low as 10
-12 
M of 
a sample molecule can be detected upon aggregation of AgNP with chloride ions 
because of increased electromagnetic enhancement by nanoparticle clusters as well as 
reorientation of the molecule on the nanoparticle surface [62]. The second reason 
leading to signal enhancement by nano-clustering was by charge transfer mechanism 
between the molecule and nanoparticles. Studies have shown that halide ions create 
surface active sites on colloidal surfaces [63]. The third reason is in relation to findings 
by Grochala et al. where they illustrate that the signal enhancement not only resulted 
from the generation of “hot spots” or charge transfer mechanism from unstable 
roughened metal surfaces, but instead it should also be attributed to anion-induced 
reorientations of the molecule in question [64]. Results based on aggregation of 
nanoparticles with organic molecules have been shown in the case when a substance 
avidin
6
 was used to induce aggregation of silver nanoparticles for detection of another 
molecule. The clustering was due electrostatic interactions brought about by avidin 
resulting in strong SERS bands and detection of the complex ligand [43].  
The properties of nanoparticles are also determined by their shape and size as 
nanoparticle shape directly affects polarisation. Regarding this aspect, reference is made 
to [33]. Nanoparticles can be produced in various shapes such as triangles, spheres, 
rods, stars, bipyramids, cubes and prisms. Nanoparticles which have sharp edges have 
more charge separation as compared to those which are spherical. LSPR is affected by 
nanoparticle shape and for more symmetrical nanoparticles there is increased LSPR. 
Non-spherical nanoparticles have LSPR peaks which are more red-shifted and they 
exhibit multipoles given that they can be polarised in more than one direction [32], [33]. 
For spherical nanoparticles the LSPR peak dominates more in the visible region and in 
this study, it was important for the type of nanoparticles chosen to have a LSPR peak in 
that region as it was close to the wavelength of the excitation source, of 532 nm. 
Nanoparticles with a resonance peak located close to the wavelength of the excitation 
                                                 
6
 Avidin is a glycoprotein found in egg white of birds, reptiles and amphibians. It has four similar 
subunits. 
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source allow for near resonance excitation which is of great advantage in performing 
SERS studies as it relies on signal enhancement. The choice of size for the nanoparticles 
greatly influences the magnitude of the scattering cross section. For very small colloids 
of size less than 20 nm the dominant process will be absorption, but with increasing 
size, light scattering becomes more favoured [65]. 
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4 Biological molecules 
4.1 Amino acids 
H
R
H
2
N C COOH
 
Figure 5: General structure of an amino acid 
showing the four groups (amino group (left), 
carboxylate group (right), hydrogen atom 
(top), R-group (bottom)) surrounding the 
central α C atom. 
 
Amino acids are the basic building blocks of proteins. They participate in several 
reaction mechanisms such as energy transfer, muscle activities and chemical reactions 
[66]. In living organism amino acids are classified as either essential
7
 or non-essential
8
. 
Those that are essential include isoleucine, leucine, histidine, lysine, methionine, 
phenylalanine, threonine, valine and tryptophan and the non-essential are asparagine, 
cysteine, alanine, glutamine, proline, glycine, serine and tyrosine [66].  Of the several 
types of amino acids, those found in living organisms include alpha amino acids which 
mainly consist of a central alpha carbon (C) atom surrounded by a carboxyl (-COOH), 
an amine (-NH2) functional group and a side chain (R-group) which is characteristic of 
the type of amino acid. Amino acids are tetrahedral in structure and exist as zwitterions. 
Zwitterions are formed when there is internal movement of a proton from the carboxylic 
acid to the amino group. Amino acids are also amphoteric implying that in water the 
zwitterion can either act as an acid, proton donor: 
 +𝑁𝐻3 − 𝐶𝐻𝑅 − 𝐶𝑂𝑂
− ↔ 𝑁𝐻2 − 𝐶𝐻𝑅 − 𝐶𝑂𝑂
− + 𝐻+ (11) 
 
or base, proton acceptor: 
 +𝑁𝐻3 − 𝐶𝐻𝑅 − 𝐶𝑂𝑂
− + 𝐻+ ↔ 𝑁𝐻3
+ − 𝐶𝐻𝑅 − 𝐶𝑂𝑂𝐻 (12) 
                                                 
7
 Those which have to be consumed in a diet. 
8
 Those which the body can produce on its own. 
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Amino acids can polymerise to form a peptide bond when two amino acid residues
9
 
combine via covalent linkage. Due to their varying side chains, amino acids have 
different structures, electric charges and size, thus, ultimately resulting in them having 
different solubilities in water. Below are the amino acids used in this study, classified 
according to the properties of their R-groups. 
4.1.1 Polar but uncharged amino acids  
 
Figure 6: Chemical structure of L-tyrosine (left), L-cystein (middle) and L-serine (right) 
[67]. 
 
 Aromatic: L-tyrosine 
L-tyrosine is a neutral or uncharged polar amino acid and it is a phenol. It has an 
aromatic ring which is hydrophobic and only reacts under extreme conditions. In water, 
it has very limited solubility. The reason for its insolubility is due to the phenyl ring 
structure which has limited association with water, thus non-polar, giving the whole 
amino acid little solubility in water [68].  One way to make the substance more soluble 
in water is by increasing the acid strength of the solvent. Thus, an acid can be added in a 
tyrosine/water solution followed by a bit of heating leading to it dissolving. Or the 
whole amino acid can be dissolved in an acid. In HCl it has a solubility of 0.1g/ml with 
added heating. Phenol is a weak acid [69] and so in water the side chain can be 
deprotonated to form a phenoxide ion and a  hydronium  ion: 
 
 
−𝐶𝐻2𝐶6𝐻5𝑂𝐻 + 𝐻2𝑂 
↔ −𝐶𝐻2𝐶6𝐻5𝑂
−⏟        
𝑝ℎ𝑒𝑛𝑜𝑥𝑖𝑑𝑒 𝑖𝑜𝑛
+ 𝐻3𝑂⏟
ℎ𝑦𝑑𝑟𝑜𝑛𝑖𝑢𝑚 𝑖𝑜𝑛𝑠
 
 
                  (13) 
 
This leaves lone pairs of electrons on the oxygen atom of the phenoxide ion. The lone 
electron pairs which will then overlap with the electrons of the benzene ring. This 
overlap means electrons are well spread out and charge transfer takes place, thus 
stabilising the structure. However, oxygen has high electronegativity so it will tend to 
draw those electrons back to itself, thus destabilising the structure again [68].  Upon 
                                                 
9
 Residue refers to something which remains after a portion has been removed. In this case water is 
removed and the remaining parts form a peptide bond. 
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addition of an acid such as HCl, the chlorine group will interact with the para and ortho 
positions of the ring structure, reducing the negative charge on the phenoxide ion, thus 
making the structure stable [68]. Other negative groups which also stabilise the ring are 
(bromide) –Br ions  [68]. This hydroxyl group of tyrosine is also more acidic compared 
to other amino acids with hydroxyl groups on their side chains, e.g. serine [70].When 
the hydroxyl group is ionised, the phenyl ring stabilises the anionic phenolate form [70]. 
However, the delocalised electrons in the ring structure can be readily polarised. A 
Raman spectra for L-tyrosine would show a peak close to 830 cm
-1
 which is a marker 
for the presence a of ring structure [27].  
 
 Sulphur: L-cysteine 
The sulfhydryl (–SH) functional group in L-cysteine is also known as the thiol group. 
The whole R-group of L-cysteine is slightly polar and the thiol group can ionise at 
slightly alkaline pH. L-cysteine is a sulphur analogue of alcohol. Compared to alcohols, 
thiols have covalent bonding and less association with hydrogen bonding. This gives 
them a lower solubility in water compared to alcohols, thus, L-cysteine has a lower 
solubility than that of L-serine [69]. The –SH bond is non-polar due to the low 
electronegative difference between the sulphur (S) and the hydrogen (H) groups (2.58 - 
2.2=0.38) [69]. Thus, L-cysteine is slightly polar and hydrophilic. When L-cysteine is 
exposed to air two L-cysteine molecules can combine to form cystine which has a 
hydrophobic, non-polar disulphide bond, S-S, under oxidation reaction [71]. The same 
S-S can be reduced again to form –SH using a variety of reducing agents. The sulphur 
in L-cysteine anchors the amino acid to the metal. 
 Alcohol: L-serine  
L-serine is also a neutral or polar uncharged amino acid. Its polarity is attributed to the 
hydroxyl group which also qualifies it as a proton donor and an acceptor during 
hydrogen bond formation. Alcohols tend to be less acidic compared to phenols and as 
aqueous solutions alcohols have pH the same as that of water [69]. 
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4.1.2 Hydrophobic amino acid(s)  
Glycine 
Glycine is the smallest of all the known 20 amino acids generally found in proteins and 
it is non-polar. This is the simplest amino acids as it has H as its side chain. All amino 
acids are chiral except for glycine [71]. The carboxyl and the amide group neutralise in 
the zwitterion state and the hydrogen side chain is non-polar.  
 
Figure 7: Chemical structure of 
Glycine [67]. 
 
4.1.3 Basic amino acid(s) 
L-lysine 
This is a basic, polar (positive charge at the end of its side chain due to the amine group) 
amino acid. It has one carboxyl group and two amide groups, giving a net basic effect. 
L-lysine has four alkyl groups attached to the second amide group to make the side 
chain. L-lysine has a strong positive charge at neutral pH and it has a high solubility 
[71]. 
 
Figure 8: Chemical structure of L-lysine 
[67] 
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4.1.4 Acidic amino acids 
L-aspartic acid,  
L-glutamic acid 
These amino acids are polar (negative charge at the end of its side chain due to the 
carboxylate group) when in solution and have acidic side chains at neutral pH [72]. 
Thus, they can readily form hydrogen bonds by acting as a donor or acceptor. L-aspartic 
acid and L-glutamic acid both have one amide group and two carboxyl groups giving 
them a net negative charge. In addition to the second carboxyl group side chain, these 
acidic amino acids differ in the methylene groups in their side chains. L-aspartic acid 
has one methylene group while glutamic acid has two. Alkyl groups affect polarity and 
the more alkyl groups there are, the less polar the amino acid will be. Thus, L-aspartic 
acid is more polar than L-glutamic acid. 
 
Figure 9: Chemical structure of L-aspartic acid (left) and 
L-glutamic acid (right) [67]. 
 
Amino acid 
name 
3-letter & 1-
letter code of 
amino acids 
R-group side 
chain 
Molecular 
weight 
[g/mol] 
Group Characte-
ristics  
L-cysteine Cys, C  -CH2SH 121 Sulphur 
Polar but 
uncharged 
L-serine Ser, S -CH2OH 105 Alcohol  
L-tyrosine Tyr, Y -CH2C6H 5OH 181 Aromatic   
Glycine Gly, G -H 75 Hydrophobic non-polar 
L-lysine Lys, K -(CH 2)4NH3 146 Basic  Polar and 
charged 
L-aspartic acid Asp, D -CH2COOH 133 Acidic  Polar and 
charged 
L-glutamic acid Glu, E -CH2CH2COOH 147 Acidic  
Table 4-1: Summary of amino acids examined in this study and their characteristics. 
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4.2 Proteins 
 
Proteins are made up of amino acids. Proteins are found in a large number of varieties in 
cells. The smaller monomer amino acids make up proteins which are constructed from a 
set of 20 amino acids which are covalently linked in a linear sequence. The sequence of 
amino acids gives the protein unique properties, leading to it forming a particular 
structure and permitting it to perform a specific cellular function and makes it 
distinguishable from other proteins. RS is one technique which has the ability to provide 
information on protein structure. It can also be used in studying and understanding 
protein interactions. From the Raman spectra of biomolecules, bands can be assigned 
and in SERS the position and intensity of these bands is influenced by the molecule’s 
environment, pH, salt concentration, orientation of molecule on a metallic surface and 
distance of the molecule from the metallic nanostructure. From the Raman or SERS 
spectra several bands can be observed attributed to the protein’s amino acid side chains 
which include aromatic rings, sulphurs, acidic and basic groups, alkenes, alkanes and 
amides [71]. 
The amide functional group is composed of a carboxyl and amine group. There are three 
types of amides; primary (nitrogen atom attached to a single carbon atom), secondary 
(nitrogen atom attached to two carbon atoms) and tertiary (nitrogen atom attached to 
three carbon atoms) amides. This is shown in the image below. 
 
Figure 10: Molecular structure of primary (left), secondary (middle) and tertiary 
amides (right) [73]. 
 
Using the technique RS, band allocation can be done for amide bands in proteins. The 
amide I bands in regions 1660-1665 cm
-1
, 1665-1680 cm
-1
 and 1640-1658 cm
-1
 are for 
the different conformation which are random coil, beta pleated sheet and the alpha-helix 
respectively [30], [74]. This band also consists of out-of-plane CN stretching vibration, 
CCN deformation and C=O stretching vibrations with some contribution from N-H 
bending. The amide II, located in the region around 1550 cm
-1
 comprises of the NH in 
plane bending and the CN stretching vibration [30], [74]. There are also contributions 
from the CO in-plane bending and the CC stretching vibration [75] . The amide III band 
is in the region from 1200-1400 cm
-1
 and it comprises of the NH bending and the CN 
stretching vibration with additional contributions from in plane CO bending and the CC 
stretching vibration [74]. There are other aromatic side chains found in proteins such as 
tryptophan (Trp), tyrosine (Tyr), and phenylanine (Phe) [30]. In this study generic 
proteins were chosen for SERS studies and the amino acids chosen were representative 
of different types of amino acids. 
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5 Materials and methods 
A Raman spectrometer is a combination of major components which are: 
 Excitation source, usually a continuous wave (CW) laser 
 Sample environment with collection geometry 
 Sample holder 
 Monochromator / Spectrometer 
 Detection system 
5.1 Instrumentation 
5.1.1 The Double monochromator  
 
 
Figure 11: Image (A) is the double spectrometer (this was the double 
monochromator modified into a double spectrometer) used in this study and 
(B) is a schematic of the SPEX model 1403/4 double monochromator [13]. 
A 
B 
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In this study two RS setups were available. In order for standard protocols of 
measurement to be set, it was important to understand and highlight the differences of 
the two setups used for measurements. The first system was a double spectrometer with 
a two stage monochromator, SPEX model 1403/4. This two stage monochromator was 
modified into a double spectrograph by removing the exit slit and fitting an Intensified 
Charged Coupled Device (ICCD) detector. 
Initially, light from the laser excitation source is directed towards the sample by 
reflecting mirrors employing the 90° geometry. The sample then Raman scatters the 
light in all directions. However, the collected Raman scattered light will be at 90
o
 to the 
laser beam path. The focusing mirror concentrates the scattered light and focuses it on 
the entrance slit of the monochromator. Inside the monochromator the gratings disperse 
the light, mirrors direct the light which is then focused and collimated at a focal distance 
of 0.85 m. On the side of the monochromator was a wavelength counter. This was a 
small window of a 5-digit counter which displayed the position of the spectrometer to 
the nearest 0.1 cm
-1
. The monochromator was a dispersive double monochromator with 
Czerny Turner mounting. When light is inside the monochromator, some of it scatters 
from the monochromator walls or the face of the grating. This stray light then overlaps 
with the Raman scattered light. By having a two stage monochromator the Raman 
scattered light can be purified by filtering out the stray light [13]. For further reading on 
this instrument the 1403/1404 monochromator instructions manual may be consulted. 
However, summarised description of the spectrometer elements with reference to the 
schematic above are illustrated below. It may be noted that some of the instrument 
settings used for the study were not according to those in the manual. The settings were 
chosen as desired. 
1. Excitation source 
The excitation source was a 514.5 nm argon ion laser manufactured by Spectra-Physics 
Lasers Inc, Model 2551WR which used high purity argon gas as the medium. 
Advantages of this laser are that it is reliable, predictable and it has excellent beam 
quality. 
2. Sample, sample holder and scattering geometry 
Since Raman scattering is inherently weak, proper focusing of the laser beam and 
collection of scattered light is required. In-order to achieve this, the 90° geometry (right 
angle) was employed. This configuration was used as it was ideal for clear samples and 
it minimised Rayleigh scattering reaching the detector. Also the incident light beam 
path was different form the scattered light path. A collecting mirror was there for 
collecting and directing light towards the entrance slit. 
3. Double monochromator 
 
 Entrance aperture 
This was a slit/ opening through which the Raman scattered light entered the 
monochromator. 
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 Dispersing elements 
The light dispersing elements were gratings. Holographic gratings were utilised because 
they bring about less stray light as compared to ruled gratings. This is an ideal 
characteristic when using a double monochromator, especially when the holographic 
grating has a higher groove density.  
 Collimating elements 
These were the mirrors M1, M2, M4 and M5. Mirror M2 received wavelength separated 
light and focused it into slit S2. These slit widths were to only allow Raman scattered 
laser light to pass through while filtering Rayleigh light from proceeding to the next half 
of the double spectrometer. If a sensitive detector had been placed at focal plane S2 it 
would have been possible to detect photons and record the counts against position but, a 
second monochromator is aligned immediately after the first. Thus, for the second 
mirror M3 is for imaging S2 onto S3. Then the instruments M4, G2 and M5 do the same 
task ask M1, G1 and M2 respectively, which have been discussed previously.  
 Exit aperture/ The detection System 
The exit aperture of the two stage monochromator was replaced by an ICCD detector, 
model 354308 supplied by Horiba Jobin Yvon Inc. It was chosen because of its good 
characteristics such as low noise and high sensitivity, thermoelectric cooling of the 
detector at -70° and signal linearity [76], [77]. 
4. Computer software for controlling the Double monochromator 
The computer software employed was LabVIEW. It was a package designed in such a 
way that commands were fed into the system software in order to control the 
instruments for data acquisition during RS or SERS.     
5.1.2 The Single stage monochromator 
 
  
 
A 
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Figure 12: Image (A) is the top view of our in built single stage Raman spectrometer 
showing the laser excitation source, the sample environment, the spectrometer and other 
optical instruments. Image (B) is a schematic of the single stage monochromator [78]. 
 
1. Excitation source  
The excitation source model V-H532 10031699 was a frequency doubled solid state 532 
nm Nd:YAG (neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12) continuous 
wave laser which used a crystal as its lasing medium.  
2. Optical parameters and Sample environment. 
When the light beam exits from the lasing medium it is directed towards the reflecting 
mirror at 45° incidence. This mirror then reflects the beam to the 532 nm dichroic 
mirror, also known as a beam splitter at 45° incidence. The dichroic mirror guides the 
light beam onto the sample via the focusing lens which has a 5 cm focal length. This is 
common especially for single stage setups. The light from the sample is backscattered, 
focused and collimated by the lens and transmitted by the dichroic mirror again. In this 
case the dichroic mirror reflects the Rayleigh light while at the same time transmitting 
the Raman scattered light towards the 532 nm long pass rejection filter. This filter 
blocks the stray light. From the rejection filter light then enters the spectrometer and is 
dispersed onto a two dimensional Synapse ICCD detector. For this single stage setup, 
180° / backscattering geometry was employed because it is a viable configuration for all 
sample types [78]. However, important alignment was necessary so as to properly guide 
the excitation light beam towards the sample without obstructing the scattered light. 
3. Spectrometer  
This was a spectrometer model MicroHR Horiba Jobin Yvon. Its layout was a one stage 
Czerny turner mount which minimised stray light while optimising its performance. 
Scattered light enters the spectrometer via the entrance slit. The light is incident on a 
fold mirror which reflects towards the collimating mirror. The collimated light beam is 
directed to the diffraction grating where light is spatially separated and directed to the 
focusing mirror. The mirror then directs the light towards the detector. 
  
B 
Fold mirror 
Diffraction grating 
CCD flange 
Focal plane 
Entrance slit 
Collimating mirror 
Focusing mirror 
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Comparison of double and single stage Raman spectrometers 
Double stage Raman spectrometer Single stage Raman spectrometer 
 
 LASER   
Is water cooled thus, expensive to 
maintain 
Is air cooled thus, less costly to utilise and 
maintain 
 RAMAN COLLECTION GEOMETRY 
90° configuration for collection of 
Raman scattered light 
180° /backscattering configuration for 
collection of Raman scattered light 
Ideal geometry for transparent sample  Ideal geometry for all sample types 
 MONOCHROMATORS 
2 stray light rejection stages  1 stray light rejection stage 
Lower light throughput Higher light throughput 
Higher resolution Lower resolution 
Big in size and takes up lots of space Small lightweight setup which saves space and 
allows it to be incorporated into other systems 
Czerny turner mount Czerny turner mount 
Table 5-1: Comparison of the two Raman setups used in this study, the double stage and the 
single stage Raman spectrometers [78], [79]. 
 
5.1.3 Calibration of spectrometers  
Calibration check for the Raman measuring system was done to ensure the system’s 
accuracy. Measurements are done to check calibration using a standard sample toluene. 
Spectra acquired from the instrument would be compared to those from literature to see 
whether our instrument was able to produce expected results.  
Double Monochromator 
 Scaling  
This is done so as to have pixel separation in wavelength scale. In order to do this, two 
peaks from a known standard sample can be utilised. Raman spectra are generated 
showing peak intensity against Raman shift. For an observed peak with Raman shift 𝝙ṽ 
(in cm ̄ 1), from the reference laser line, 𝝀1 (in nm), the equation for the corresponding 
wavelength, 𝝀2 (in nm), due to that shift is given by:  
 
𝜆2 =
1
1
𝜆1
− ∆ṽ × 10−7
  
(14) 
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Using eq. (14) the wavelengths of the two chosen peaks can be calculated and that 
together with the number of pixels which separates the maximum points of the peaks 
can be used to find the wavelength measured per pixel. 
 
Figure 13: Two close peaks from spectra of toluene 
used for scaling so as to have pixel separation in 
wavelength scale. 
 
 Calibration  
Calibration was done so as to ensure that the instrument recorded correct wavelength 
positions. To determine this, spectra were generated from toluene and the measured 
peak positions are compared to literature values. 
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- From eq. (14): 
          1001 cm ̄ ¹ ∼ 542.4 nm 
          1028 cm ̄ ¹ ∼ 543.2 nm 
- Wavelength difference between the 
two peaks is 0.8 nm and the 
maximum of the two peaks is 
separated by 230 pixels. 
- Ratio of wavelength difference, 0.8 
nm, to peak separation, 230 pixels, 
gives a pixel separation in 
wavelength scale = 0.003 nm/pixel 
- Doing the same procedure with 
other standard samples such as 
Ethanol and Acetonitrile gave the 
same result. 
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Figure 14: Ten toluene spectra acquired using the double Raman spectrometer, used for 
calibrating the instrument. 
  
Figure 15: Calibration curve for double Raman 
spectrometer 
 
 Repeatability  
This is the ability of the instrument to reproduce results under the same conditions, 
method, measured with the same instrument and repeated in a short time period [80]. 
Toluene was utilised and deductions were made based on the 10 sets of measurements 
taken in the range 400.0 cm ̄ 1 to 3000.0 cm-1 as shown above. Nine marked Raman 
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- Experimental data points of 
Toluene peaks can be plotted 
together with known data points of 
Toluene peaks from literature. 
- With the plot, we were able to 
evaluate the offset of our calibration. 
- Offset = - 0.9 cm ̄ 1 
- R² coefficient of the linear fit was 
0.999 which is ~1. 
Measurement number 
R2 = 0.999 
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shifts in that range were all reproduced with uncertainty in the range 0.0 cm
-1
 to 0.3cm
-1
. 
Evaluation was done using Guide to Uncertainty and Measurement (GUM) [80]. 
Single stage Spectrometer 
 Calibration 
This was done by generating ten spectra of Toluene and averaging them. Known strong 
peaks were identified according to their positions. These peak positions (Raman shifts) 
were then plotted against their respective wavenumber values known from literature to 
generate a second order polynomial fit. The closer the R
2
 value from the polynomial fit 
was to 1, the best the fit. Thus, using the generated second order polynomial equation 
y=Ax
2
 + Bx + C, where x was the wavelengths from the raw data, those wavelength 
values could be converted to wavenumbers, y. These wavenumbers would then be used 
together with intensity values to plot the Raman spectrum. For all measurements done 
with this system, this calibration procedure would be done so as to calculate the 
wavenumber values to be used together with intensity values (counts) for plotting 
sample spectra. Below is a spectrum from ten averaged toluene spectra (fig. 16 A) and 
the calibration curve (fig. 16 B) of the Raman shifts (shown in fig. 16 A) in nm (x- axis) 
plotted against the Raman shifts from literature in cm
-1
 (y- axis). 
 
 
Figure 16: Toluene spectrum measured using the single stage Raman 
spectrometer (A) and a calibration curve for the single stage Raman 
spectrometer (B).   
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5.2 Materials 
Silver nitrate, AgNO3 0.01 M (Sigma-Aldrich Co), hydroxylamine hydrochloride 
(Sigma-Aldrich Co), trisodium citrate dehydrate (Sigma Aldrich), amino acid samples 
(L-cystein, L-serine, L-tyrosine, glycine, L-lysine, L-aspartic acid, L-glutamic acid) 
(Sigma Aldrich) were of analytical grade purity and were utilised without any further 
purification. Sodium hydroxide (NaOH) and chloroauric acid (HAuCl4) were from 
existing stock and a chicken egg was sourced locally. Deionised water was used as a 
solvent for sample preparations. Prepared stock solutions of silver nitrate (AgNO3), 
hydroxylamine hydrochloride and trisodium citrate were kept in a refrigerator. It was 
also important to store colloidal solutions in a cool dry place away from sunlight to 
avoid photo-induced oxidation. 
UV-visible spectra were recorded using a UV-Vis-NIR spectrometer Cintra 101 and 
scanning was in the range 200-800 nm. Sample images for silver and gold nanoparticles 
were acquired using a transmission electron microscope. The RS and SERS spectra 
were acquired using Raman spectrometers SPEX model 1403/4 double spectrometer 
equipped with a 514.5 nm argon ion laser and a single stage spectrometer equipped with 
a frequency doubled solid state 532 nm Nd:YAG laser. All samples to be measured 
were contained in 4 ml glass vials. Acquisition times used on the double spectrometer 
depended on the range being scanned and the type of sample being looked at. For the 
single stage spectrometer the acquisition times were 100 s (ten 10 s scans) thus, the 
spectra would be and average of ten 10s scans.  
To have knowledge on nanoparticle size and morphology, UV-Vis spectroscopy and 
Transmission Electron Microscopy (TEM) were employed. The UV-Vis spectra were 
taken after diluting the as-prepared silver nanoparticles with deionised water in a ratio 
of 1:5 respectively, to avoid detector saturation. It was also important to measure the 
Raman spectra for the nanoparticles (blank spectra) so as to ensure that there were no 
anomalous bands in the spectra and to further account for any which may be present. 
Diameter sizes for the nanoparticles were measured using the computer software used to 
analyse the TEM images. RS measurements were done using fresh samples at all times. 
For SERS measurements, 500 μl of sample would be added first into a 4ml vial 
followed rapid addition of the 500 μl of nanoparticles. Measurements were done 
without delay. For the amino acid solution spectra (with no nanoparticles) 500 μl of 
sample + 500 μl of water were measured, with water being added to maintain volume 
and concentration. For the spectrum of solid amino acid, a small amount of sample were 
placed in a vial and measured. In case of aggregating the nanoparticles, the aggregating 
agent would be added last, to ensure that the sample molecules would be trapped in the 
“junctions” in the process of clustering of nanoparticles. A volume of 100 μl was used 
for aggregating the nanoparticles, an amount enough to not precipitate out the 
nanoparticles, but just to form clusters in solution. Use of too much aggregating agent 
precipitates out the nanoparticles leading to reduced SERS intensity or no SERS at all 
[55], [81].  
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5.2.1 Data processing  
The use of RS in this study for analysis of biomolecules was chosen because the 
technique is non-destructive and highly sensitive to any molecular conformational or 
chemical changes. However, the technique comes with challenges when acquiring the 
data, such that it becomes necessary to treat the Raman spectra so as to extract useful 
information from it. There are several methods of treating the Raman spectra. 
Mathematical methods whereby software is used are preferred as they do not require 
any system modification. In this study, polynomial curve fitting was employed in 
accordance with Lieber and Mahadevan Jansen [82]. It is a method whereby a 
polynomial is fitted through the measured raw data to generate a baseline spectrum. 
This baseline spectrum will then be subtracted from the raw Raman spectrum, thus 
removing fluorescence and enabling the Raman peaks to be analysed. This method is 
known as the modified polyfit method (MPM). For the reduction of noise such as read-
out noise, the Savisky-Golay filter from OriginPro 8 was applied in order to smooth the 
data. It was necessary to treat the spectra as such since all Raman spectra experience 
such influences. A MPM code was written in MATLAB, adapted from Lieber and 
Mahadevan Jansen as shown in Appendix A. Band assignment was done in comparison 
with spectra found in the literature. Some bands which are not assigned are just 
indicated as well for completeness. 
It was also important to have an idea of how efficiently the Raman scattered light was 
being collected using the optical instruments in our 532 nm RS setup. Ideally scattering 
takes place in all directions but of that scattered light there is a portion of it which enters 
the lens and is then transmitted towards the spectrometer via the dichroic mirror (refer 
to fig. 12(A) ).  The focusing lens, LA1131 plano-convex lens from Thorlabs had a 
focal distance of 5cm with a diameter of 2.5 cm. Through this lens the Raman scattered 
light entered through a solid angle of 28.9°. From the lens the Raman scattered light 
then passed through the dichroic mirror, which had an average transmission >93%. 
From the dichroic mirror the scattered light then proceeded to the laser line rejection 
filter which had average transmission >93%. From the filter the scattered light then 
entered the monochromator and finally reached the detector.  
5.2.2 Preparation of nanoparticles 
Preparation of nanoparticles was done by reduction of Ag or Au ions in aqueous 
solution. Reducing agents can either be polymers or surfactants which help to maintain 
stability of the colloids. In this study the reducing agents used were hydroxylamine 
hydrochloride and trisodium citrate with the synthesis methods from Leopold and Lendl 
[35] and Stiufiuc et al [34] in accordance with Lee and Meisel [28]. These methods 
were chosen because they are simple, fast, effective, and they yield stable colloids. The 
main reaction occurring in synthesis of AgNP was reduction of Ag
+
 to Ag
0
. Gold 
nanoparticles were made following the procedure by Haiss et al in concordance with 
Grabar et al. [83], [84]. For AuNP synthesis there is reduction of Au
3+
 to Au
0
, shown in 
the equations below. 
 𝐴𝑔+ + 𝑒− → 𝐴𝑔0 (15) 
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 𝐴𝑢3+ + 3𝑒− → 𝐴𝑢0 (16) 
 
5.2.2.1 Hydroxylamine hydrochloride reduced silver nanoparticles (AgHANP) 
 
The synthesis method by Leopold and Lendl in concordance with Lee and Meisel was 
employed but with slight variations in volume. Into a beaker, 90 μl of NaOH were 
added together with 4.3 ml of 0.0015 M hydroxylamine hydrochloride. To this mixture 
22.604 ml of H2O were added. Under vigorous stirring on a magnetic stirrer, 3 ml of 
0.001 M AgNO3 were added. Use of hydroxylamine hydrochloride as a reducing agent 
requires an alkaline pH to speed up the reaction, thus the use of NaOH. The reaction 
between the reducing agent and Ag ions is described below.  
 2𝐴𝑔+ + 2𝑁𝐻2𝑂𝐻 → 2𝐴𝑔
0 + 𝑁2 + 2𝐻
+ + 2𝐻2𝑂  (17) 
 
5.2.2.2 Citrate reduced silver nanoparticles (AgCNP) 
 
The recipe by Stiufiuc et. al., used in concordance with Lee and Meisel method, was 
employed in synthesis of citrate reduced nanoparticles. A volume of 100 ml of 0.001 M 
AgNO3 was heated to boiling point on a magnetic stirrer with a heating option. To it 2 
ml of 1% trisodium citrate was added rapidly under vigorous stirring and the solution 
was boiled for a further 7 minutes. The reaction mechanism for citrate reduced silver 
nanoparticles is as shown below. 
 4Ag+ + C6H5O7Na3 + 2H2O → 4Ag0 + C6H5O7H3 + 3Na+ 
+ H+ + O2↑ 
(18) 
 
5.2.2.3 Citrate reduce gold nanoparticles (AuNP) 
 
Firstly, all glassware and magnetic stir bars were thoroughly cleaned in aqua regia (3 
parts of HCl+1part of HNO3), rinsed with distilled water and oven dried prior to use. 
This would help avoid introduction of foreign particles which would cause undesired 
nucleation during synthesis. Stock solutions made were of 25.4 mM HAuCl4.3H2O and 
40 mM sodium citrate. A glass spatula was used since HAuCl4 is corrosive to metal 
spatulas. In a 250 ml round bottomed flask attached to a condenser, 125 ml of 25.4 mM 
HAuCl4 was boiled under vigorous stirring in an oil bath at 145°C. 12.5 ml of 40 mM 
sodium citrate was added rapidly to the boiling mixture. The mixture gradually turned 
burgundy/maroon as boiling continued for 10 mins. The heating mantle was removed 
and stirring continued for 15 mins. Below are the images showing the colours of the 
synthesised nanoparticles. 
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Figure 17: Images showing colours of the synthesised citrate reduced gold nanoparticles (A), 
citrate reduced silver nanoparticles (B) and hydroxylamine hydrochloride reduced silver 
nanoparticles (C). 
  
A B C 
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6 Results and discussion 
6.1 Characterisation of nanoparticles: UV-Vis and TEM 
  
Figure 18: UV-Vis spectra for hydroxylamine hydrochloride and citrate reduced AgNP (A)  
and citrate reduced AuNP (B). 
  
 
Figure 19: TEM images for hydroxylamine hydrochloride (C) 
and citrate (D) reduced AgNP and citrate reduced (E) AuNP. 
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All colloids were characterised using UV-Vis spectroscopy and TEM. The 
hydroxylamine hydrochloride reduced silver nanoparticles (AgHANP) have an 
absorption peak at 410 nm with an average diameter of ~23 nm measured from their 
TEM micrographs. The nanoparticles in solution had a pH of 7.9.  
The citrate reduced silver nanoparticles (AgCNP) had an absorption peak at 405 nm. 
TEM micrographs gave an average diameter of ~20 nm. The measured pH for the 
nanoparticles in solution was 7.3. AgCNP tend to be negatively charged due to the 
citrate ions on their surfaces. This results in electrostatic repulsion amongst the 
nanoparticles in colloidal solution and thus, preventing them from clustering. Hence, the 
nanoparticles tend to be very stable [85, p. 289]. The presence of negatively charged 
capping ions is the major difference between the AgHANP and AgCNP giving them 
different colloid environments. These synthesised nanoparticles corresponded well with 
those from literature [35] [34].  
Lastly, the citrate reduced gold nanoparticles (AuNP) had a well pronounced peak at 
524 nm and were spherical in shape with an average diameter of ~20nm. AuNP also 
have a citrate coating around them which stabilises them by preventing aggregation 
through static repulsion [86]. Depending on their size and shape they will have an 
absorption band in the visible-infrared region of the electromagnetic spectrum.  
From the TEM images and the absorption spectra of silver nanoparticles, it is evident 
that there is wide size distribution for AgCNP in comparison with the AgHANP. 
Ideally, the nanoparticle size distribution is affected by how the nanoparticles are 
synthesised. For synthesis via chemical reduction, the reducing agent and the silver 
assay are either mixed rapidly or drop-wise and this in-turn affects how the 
nanoparticles nucleate/form.  Preparation of highly active SERS nanoparticles is 
significant but in this case, the observed size heterogeneity for AgCNP was large which 
in-turn would have an effect on the SERS intensity of amino acids spectra [20] and 
consequently result in varying enhancement factors [35].  
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6.1.1  Aggregation of citrate reduced nanoparticles with 
Hydrochloric acid 
 
Figure 20: UV-Vis spectra for unaggregated and 
aggregated citrate reduced AgNP. The aggregating 
agent used was 1M HCl. 
 
Not all samples analysed in this study gave enhanced Raman signals when SERS was 
performed on them. All absorption spectra of raw colloids had one absorption band, 
indicative of the dipole plasmon resonance. In this study the aggregating agent used was 
1M HCl. After addition of HCl, the AgCNP absorption band was shifted towards longer 
wavelength and greatly broadened, characteristic of increasing particle size due to 
aggregation [55], [87]. Aggregated nanoparticles can lead to increased Raman signals 
due to formation of small assemblies of closely spaced nanoparticles which give strong 
plasmon resonances thus, generating “hot spots”. It is possible for acid addition to cause 
an acidic pH and this acidic pH will in-turn have an influence on the biomolecules to be 
measured in that same solution with the aggregated nanoparticles. Thus, it is important 
to measure pH before and after the addition of the acid in order to see if there is pH 
changes occurring.  However, in this case the pH was not measured. 
6.2 Qualitative and quantitative analysis 
This section presents the results together with possible reasonable explanations. Spectra 
of the amino acids in their solid and in solution forms are first shown. The spectra of 
amino acids in their solid form were for performing qualitative analysis in terms of band 
profiling, that is, to know which bands were present in the specific amino acids, and to 
know the identifiers/ markers of that particular amino acid, as well as other vibrational 
bands. The spectra for the amino acids in solution form were for comparison with those 
of the solid form so as to see which bands remained present, disappeared or weakened 
as a result of solvent-amino acid interaction. Also knowing that Raman bands from the 
spectrum of solid do not present significant spectral shifts and hence the positions of the 
bands for amino acids in solution could be identified by correlating them with the bands 
from their corresponding spectrum of solid. 
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The results show that spectra for amino acids in solid form are always sharper and more 
pronounced than those of the amino acids in aqueous solution. According to Zhu et al 
[88] this is because when in solid form the amino acid has a lattice structure, each 
molecule vibrates about a fixed position and has other molecules neighbouring it in a 
3D structure which also vibrate similarly. Whereas, in solution amino acid molecules 
form different types of bonds, such as hydrogen bonds which have different bond 
lengths and this then causes the solution to have different band frequencies. This 
random motion brings about a shift in frequency of the vibrational bands of amino acid 
molecules as well as broadening of Raman peaks. Intermolecular forces bring about a 
shift in the frequencies of intra-molecular vibrations and this causes broadening of 
Raman bands [88]. These differences between solid and aqueous spectra are consistent 
with what is expected from literature [88].  
We explain enhancement using electromagnetic and chemical enhancement (charge 
transfer) mechanisms which are currently the accepted theories of explanation [28], 
[34], [35], [89], [90]. The possible geometry/orientation of molecules on the metallic 
surfaces is also proposed. Peak assignments are done based on comparisons from 
literature. Several literature sources which contained information on Raman band 
assignments of amino acids similar to the ones employed in this study were used. By 
comparing these sources with experimental data for this study, Raman peak positions 
for particular bands did not all appear on the exact same position, possibly due to 
different measuring conditions. However, depending on the type of amino acid, every 
band has a particular region where it is expected to appear and if the band was present 
in that region then it would be assigned accordingly.  
Raman bands are shown for the region 650 – 1700 cm-1 because this is the fingerprint 
region containing useful information about amino acids. The spectra presented are of 
good quality and are reproducible when using our in-house developed RS instrument. It 
should also be emphasised that spectra measured in this study may, in some cases, seem 
different from those in literature due to different measuring conditions. These 
differences seem to suggest that there remains extensive work which needs to be done in 
terms of SERS spectra of such types of amino acids. The RS/ SERS results are obtained 
from the instrument setup in our labs because it was our main aim to show that this new 
setup is indeed able to produce reliable results when measuring biomolecules.  
A quantitative analysis was done by carrying out a concentration study using the in-
house developed Raman setup. The concentration study was for determining the 
detection limit of the Raman setup. The detection limit being defined as the lowest 
amino acid concentration which could be confidently measured using the RS setup for 
each type of amino acid. The two types of silver nanoparticles were employed namely 
the AgHANP and the AgCNP knowing that the two different reducing agents used for 
synthesising silver nanoparticles brought about a different environment for the 
individual nanoparticles.  
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Determining peak height and calculation of error bars  
In this study, each presented RS or SERS spectrum was an average from 10 measured 
spectra. This meant that each data point plotted in the spectra would be an average value 
with an associated standard deviation. For determining the detection limit a strong 
Raman band would be identified and its change in peak height for decreasing amino 
acid concentration would be plotted. For the peak height the highest point on the peak 
would be located and from it, the averaged background counts from both sides of the 
peak would be subtracted to give the peak height. The associated standard deviation 
(error bar) for the peak height was calculated as: 
 𝑠𝑡𝑑𝑒𝑣 = ±√𝛿(ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑖𝑛𝑡)2 + 𝛿(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)2         (19) 
 
Thus, each data point was plotted together with its standard deviation (error bar). Higher 
amino acid concentrations gave high peak heights and low concentrations gave low 
peak heights. Determining the detection limit meant finding the lowest amino acid 
concentration which gave a peak height which could be confidently identified and 
distinguished from the background. The background counts being the counts from the 
nanoparticles only, that is, when there is no amino acid present. These background 
counts are depicted by the horizontal line on the concentration study graphs fig. 22 – 28 
C and E. 
From this point onwards the notation ‘amino acid/nanoparticle’ will be used as short 
hand for the amino acid and nanoparticles used, e.g. Cys/AgHANP for amino acid L-
cystein with AgHANP. There are different vibrational modes inside a molecule such as 
stretching mode, asymmetric stretching mode, symmetric stretching mode, deformation, 
wagging, scissoring, bending, twisting and rocking. These are abbreviated as str = 
stretch, asym = asymmetric, sym = symmetric, def = deformation, wag = wagging, sciss 
= scissors, bend = bending/bend, twist = twisting/twist, rock = rocking/rock. Laser 
power for the 514.5 nm argon ion laser and the 532 nm frequency doubled laser on the 
sample were on average 150 mW and 130 mW respectively. All presented spectra were 
vertically offset for clarity and as mentioned before, band assignments were done by 
comparing measured spectra with spectra from literature. References given in the table 
captions under section 6.2 were used for band assignments in our measured spectra. 
These are references with information on band assignments done on the particular 
amino acid.  The explanations given for each amino acid explain the trends in the 
particular amino acid result obtained in this study.  Bands were assigned for the highest 
concentrations measured with silver and gold nanoparticles for each amino acid.   
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Full name Abbreviated 
Name  
Molecular formula Solubility in H2O 
 [in mg/ml]  
L-aspartic acid Asp C4H7NO4 5 
L-glutamic acid Glu C5H9NO4 8.6 at 25
o
C 
L-lysine Lys C6H14N2O2 100 
Glycine Gly C2H5NO4 100 at 25
o
C 
L-tyrosine Tyr C9H11NO3 0.45 at 25
o
C 
L-cystein Cys C3H7NO2S 25 
L-serine Ser C3H7NO3 250 at 20
o
C 
Table 6-1: Information table for the amino acids used in this study showing 
their molecular formulae and their solubility values in water. 
 
Comparison of SERS results from a double and a single stage Raman spectroscopy 
setups 
We present first the measurements done on L-cystein to show results obtained from the 
two RS setups used. Cys was chosen because, in terms SERS, the sample has been 
extensively studied and a lot of information is present in literature [49], [69], [86], [96 – 
98]. 
 
Figure 21: Comparison of Cys spectra measured using a double Raman 
spectrometer with 514.5 nm laser excitation source and a single stage Raman 
spectrometer with 532 nm laser excitation source. The spectra have been 
vertically offset for clarity. 
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A comparison is made of results of 0.3 M Cys/AgHANP measured with different 
setups. For this study in order for concentration studies to be carried out it was 
important to use the setup which not only gave vibrational information about the sample 
but also high peak intensity. The double monochromator gave better stray light rejection 
which improved the resolution of the system. However, it had less light throughput 
which meant low band intensity, increased fluorescence affecting the spectra, low 
signal-to-noise ratio and longer acquisition times were required which would mean 
overexposure of the sample with laser light leading to sample burning. Also, the system 
was water cooled and thus expensive as measurements required long acquisition times.  
On the other hand the single stage spectrometer had less stray light rejection compared 
to the double spectrometer and it gave lower resolution. It gave more light throughput 
which meant bands had more intensity, it was also fast, air cooled and less costly to 
operate. The single stage Raman spectrometer, with 532 nm laser excitation source 
indeed gave good and reasonable results for the sample L-cysteine. Vibrational bands 
could be located in precise positions. Thus, the single stage Raman spectrometer was 
chosen for carrying out concentration studies.  
6.2.1 L-cysteine 
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Figure 22: RS spectra of Cys solid and 1M solution are shown in A. B and D are SERS 
spectra of Cys with AgHANP and AgCNP respectively. C and E are graphs showing the 
change in Cys concentration against peak height for AgHANP and AgCNP respectively. The 
horizontal line in figs. C and E show the background counts.  
RS bands [cm
-1
] SERS bands for each type of nanoparticle 
[cm
-1
] 
Band assignment 
Spectrum 
of solid 
Solution 
spectra 
AgHANP514.5nm AgHANP532nm AgCNP AuNP  
687 681 681 667 678 678 C-S str.; C-S asym.str. 
766 769 733 724 770 768 COO
- 
 def.;  
  783 792    
815 803  826 808 808 COO
-
 wag.  
861 865  893 867 869 C-C str.; CH2 rock
 
933 920 912 955 926 919 C-COO
_
 str. 
996   1020 981 990 NCH bend + HCH 
bend
 
1052    1048 1046 C-N str., C-N sym.str.; 
HCH rock + NCH bend 
1095  1066  1093  C-N str.;  
1130  1140 1125 1123 1127 NH3
+
 def.
 
1190 1200  1238 1200 1201 CO str. + HCN bend
 
1253 1296 1294 1281 1299 1303 CH2 wag; CCH bend
  
1336 1340  1334 1340 1339 CH2 wag; CH2 twist + 
HNH bend
  
1390 1390 1402 1384 1390 1390 COO
_
 sym.str.
 
1417 1419 1431  1419 1420 CH2 sciss.; CH2 def.
 
Table 6-2: Experimental Raman shifts and Raman band assignments for Cys [27], [81], [88], 
[94], [95].   
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The concentration of the Cys solution was 1M. Some Raman bands in the spectra for 
Cys/AgCNP in fig. 22 B are comparable to those in the spectra of Cys/AgHANP in fig. 
22 D. The observed C-S band is very strong in all spectra suggesting strong bond 
formation between the sulphur and the metallic nanoparticle. The strength of the C-S 
bond formed is further supported by observation of the strong C-S band for decreasing 
concentrations of the amino acid. This result was in agreement with previous results 
done on Cys [27], [95]. However the C-S band is slightly shifted to lower wavenumbers 
in the spectra of Cys/AgHANP. This shift in the C-S band is also reported by Watanabe 
and Maeda in [95]. So this implies that Cys has been deprotonated probably due to the 
change in pH being brought about by the solution in which the nanoparticles are in. By 
deprotonation the amino acid has acted as an acid. Theoretically the S-H band is 
expected in the region 2550-2600 cm
-1
, however, for Cys RS/ SERS spectra we do not 
know if the band was present or not since only the fingerprint region was looked at in 
this study. According to some literature sources the S-H band appears in normal RS 
spectra but in SERS, the S-H disappears and is not observed due to ionisation of the 
sulfhydryl group on the metallic surface [27], [94], [95]. Also, sulphur has low 
electronegativity
10
 and so it does not easily form new H-bonds [96]. 
In the spectra for Cys/ AgHANP the COO
-
 symmetric stretch band in the range 1370 – 
1410 cm
-1
 is very strong. This suggests a chemical enhancement, with the π electron 
rich COO
-
 having electrons which are taking part in charge transfer with the silver 
metal. This metal-carboxylate group interaction is also reported by C. Jing and Y. Fang 
[94] and S. Stewart and P. M. Fredericks [27]. Due to this metal-carboxylate band 
interaction, the two CH2 bands from 1250 to 1350 cm
-1
 benefit as well and also have a 
fair enhancement.  
From the information above, due to the significant enhancement of the C-C band and 
the carboxylate group, we propose the orientation to be that these bands are directly on 
the metal surface and experiencing chemical enhancement, while the amino group is 
away from the metal. In general for sulphur-containing compounds, C-S is a strong 
diagnostic band in Raman spectra. This is observed when using both types of 
nanoparticles, AgHANP and AgCNP. Concentration study is determined with respect to 
the Raman band between 850 and 940 cm
-1 
for Cys/AgHANP and between 650 and 700 
cm
-1
 for Cys/AgCNP. The detection limit for Cys AgHANP was 0.01 M and that for 
Cys/AgCNP was 0.05M. 
  
                                                 
10
 Electronegativity is the ability to attract electrons so as to form new bonds. 
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6.2.2 L-serine  
 
  
  
Figure 23: RS spectra of Ser solid and 0.5 M solution are shown in A. Images B and D are 
SERS spectra of Ser with AgHANP and AgCNP respectively. C and E are graphs showing the 
change in Ser concentration against peak height for AgHANP and AgCNP respectively. The 
horizontal line in figs. C and E show the background counts. 
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RS bands [cm
-1
] SERS bands for each type of 
nanoparticle [cm
-1
] 
Band assignment 
Spectrum 
of solid 
Solution 
spectra 
 AgHANP  AgCNP AuNP  
  768 746 770 COO
-
 def. 
803  804 799 807 C-C-O sym. Str. of primary 
alcohol groups 
845 840 838 841 847 C-C-N symmetric stretching 
908 919 918 906 915 C-COO
-
 str. 
959    969 
 
998  1038 1044 1042 C-O-H deformation of 
alcoholic
 
hydroxyl; C-C str
 
1080  1075  1077  
1116  1107 1128 1121 NH3
+ 
def.; 
1209  1181    
1316 1328 1340 1343 1339  
1408 1401 1396 1394 1402 COO
_
 sym.str. 
1455  1451 1458 1459 CH2 sciss. 
Table 6-3: Experimental Raman shifts and Raman band assignments for Ser [27], [88], [97], 
[98].  
 
A concentration of 0.5 M Ser solution was prepared. The band at 998 cm
-1
 in the spectrum of 
solid in fig. 24 A is likely from C-O-H frequency of alcoholic hydroxyls which is the position 
for the deformation frequency for alcohols [88]. This C-O-H deformation band appears in 
spectra taken with all nanoparticles. In general alcohols show a weak Raman effect due to the 
easily polarisable OH group. This makes them outstanding solvents for other substances for use 
in RS [99]. SERS spectra could not be measured for lower than 0.1 M concentrations. The 
carboxylate band in all spectra is strong due to adsorption of the band on the metallic 
nanostructure. This is also in accordance to findings in ref. [27]. We propose that the C-C-N 
and the COO
-
 bands in Ser/AgHANP and Ser/ AgCNP are close to the metal structure while the 
R-group is further away. Concentration study is done with respect to the Raman band between 
1320 and 1360 cm
-1
. For this amino acid, we do not state the detection limit for Ser with 
AgHANP and with AgCNP because unfortunately, concentrations lower than 0.1 M could not 
be measured and thus, it is possible that the detection limit could be less than 0.1 M.  
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6.2.3 L-tyrosine 
 
  
  
Figure 24: RS spectra of Tyr solid and 0.6 M solution are shown in A. B and D are SERS 
spectra of Tyr with AgHANP and AgCNP respectively. C and E are graphs showing the change 
in Tyr concentration against peak height for AgHANP and AgCNP respectively. The horizontal 
line in figs. C and E show the background counts.   
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RS bands 
[cm
-1
] 
SERS bands for each type of 
nanoparticle [cm
-1
] 
Band assignment 
Spectrum 
of solid 
AgHANP AgCNP AuNP  
709 703 717 709 COO
_
 def. 
796 786 785 787 C-C-O sym. str. of primary alcohol 
groups 
822 820 819 819 Fermi resonance between out-of-plane 
deformation and ring breathing 
vibration (marker of tyrosine) 
838 837 839 837 
923 907  906 C-COO
_
 str.
 
1069  1074 1070  
1169 1171  1170 Ring CH bend
 
1193 1198 1197 1198 sym. str. of para-substituted benzene; 
Cβ-Cγ str.
 
1241   1249  
1317 1338 1337 1338 CH def. 
1423 1432 1425 1430 COO
- 
sym.str.
 
1615 1609 1606 1607 In-phase C2-C3 and C5-C6 str.
 
Table 6-4: Experimental Raman shifts and Raman band assignments for Tyr [27], [88], [99], 
[100]. 
 
A concentration of 0.1 g/ml of Tyr was dissolved using 1M HCl as a solvent with added 
heating. This gave 0.6 M of solution. The bands close to 1600 cm
-1
 in the spectrum of 
solid in fig 24 A are assigned to the C-C partial double bonds of the aromatic ring in the 
side chain [99]. This band is also seen in Tyr/AgHANP (fig. 24 B) and Tyr/AgCNP (fig. 
24 D) spectra. In the spectrum of solid are also the characteristic doublet peaks of 
tyrosine at 822 and 838 cm
-1
. These are as a result of the Fermi resonance between the 
out-of-plane deformation and the ring breathing vibration [27], [66], [88], [98], [101]. 
The bands may vary depending on their chemical environment when in solution. These 
two peaks are well pronounced for Tyr/AgHANP spectra in fig. 25 B and are shifted 
slightly to positions 820 and 837 cm
-1
 due to sample-metal interaction. With both types 
of nanoparticles the two band markers of Tyr in the region 800-850 cm
-1
, the band due 
to the para-substituted benzene ring and the in-phase C2-C3 and C5-C6 bonds were likely 
oriented close to the nanoparticle surface. The ring side chain took part in chemical 
enhancement with the metals. Concentration study was done with respect to the Raman 
band between 1150 and 1250 cm
-1
. The detection limit for both Tyr/AgHANP and 
Tyr/AgCNP was 0.06 M. 
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6.2.4 Glycine 
 
  
  
Figure 25: RS spectra of Gly solid and 1M solution are shown in A. B and D are SERS 
spectra of Gly with AgHANP and AgCNP respectively. C and E are graphs showing the 
change in Gly concentration against peak height for AgHANP and AgCNP respectively. The 
horizontal line in figs. C and E show the background counts.   
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RS bands [cm
-1
] SERS bands for each type of 
nanoparticle [cm
-1
] 
Band assignment 
Spectrum 
of solid 
Solution 
spectra 
AgHANP AgCNP AuNP  
691     -COO
-
 def. 
883 887 888 888 896 C-COO
-
str.
 
1023 1018 1018 1020 1019  
1309 1319 1322 1321 1321 CH2 wag. 
1399 1404 1403 1400 1402 -COO- sym. str. 
1429 1441 1432 1433 1436  
Table 6-5: Experimental Raman shifts and Raman band assignments for Gly [27],[102]. 
 
An aqueous solution of 1 M was prepared for Gly. Glycine is the simplest of the amino 
acids as it only has hydrogen as a side chain. The most intense bands at 883 cm
-1
 and 
1309 cm
-1
 in spectrum of solid (fig. 25 A) are found at 887 cm
-1
 and 1319 cm
-1
 in the 
solution spectra (fig. 25 A) respectively. These are the markers of glycine. The Raman 
bands in the solution spectra have low intensity and are shifted in position compared to 
those in the spectrum of solid, suggesting chemical interactions with the solvent. This 
shift in bands was also reported by Zhu et al in [88]. It is noticed that the positions of 
the group CH2 in Gly/AgHANP (fig. 25 B) and Gly/AgCNP (fig. 25 D) is at 1322 cm
-1
 
and 1321 cm
-1
 respectively are shifted from the position of the same band in the 
spectrum of solid which is at 1309 cm
-1
, suggesting chemical enhancement of this 
mode. The low enhancement of the same alkane band for Gly/AgHANP and 
Gly/AgCNP also supports the fact that alkanes do not have ideal electronic orbitals to 
take part in charge transfer mechanisms probably due to less available electrons, as 
compared to alkenes and aromatics which do have [27]. The amine group, the NH3
+
 
deformation, could not be confidently identified in RS and SERS spectra, probably 
because it was oriented away from the metallic surface. In both the RS and SERS 
spectra the C=O band expected in the range 1600-1620 cm
-1
 is absent. This could be 
evidence that there has been deprotonation of the COOH bond to form -COO
-
. Both the 
observation of -COO
-
 deformation band and the -COO
-
 symmetric stretching band and 
their shift in position are also reported by S. Stewart and P.M. Fredericks [27]. Their 
shift in position suggests chemical enhancement of these modes. We propose that the 
deprotonated carboxylate group (C-COO
-
 stretching mode) and the CH2 were likely 
oriented on the metal surface with the protonated amine group facing away from the 
silver surface. The carboxylate group may have benefited considerably due to charge 
transfer mechanism. Concentration study was done with respect to the Raman band 
between 850 and 950 cm
-1
. The detection limit for Gly/AgHANP was 0.01 M and that 
for Gly/AgCNP was 0.001 M. 
  
Stellenbosch University  https://scholar.sun.ac.za
52 
 
6.2.5 L-lysine 
 
  
  
Figure 26: RS spectra of Lys solid and 0.1 M solution are shown in A. B and D are SERS 
spectra of Lys with AgHANP and AgCNP respectively. C and E are graphs showing the 
change in Lys concentration against peak height for AgHANP and AgCNP respectively. The 
horizontal line in figs. C and E show the background counts.  
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RS bands [cm
-
1
] 
SERS bands for each type of nanoparticle 
[cm
-1
] 
Band assignment 
Spectrum of 
solid 
Solution 
spectra 
AgHANP AgCNP AuNP  
840  782 884 809 Cγ-twist; Cε-wag.; Cβ-wag. 
922  910 932 912 Cε-wag.; 
1006  988 1035 988 Cδ-Cε 
1051  1067  1069 C-N str.; Cδ-Cε 
1067    1099 C-N str. ; Cᵦ-Cγ 
1120  1136 1118 1119 N-H wag. 
  1233 1190 1197 N-H wag.  
1309 1308 1290  1307 CH2 wag.; COO
-
 sym. str. ; 
1349  1339 1348 1326 Cγ-wag. ;Cε-twist ; CH 
bend 
1402  1358 1362 1392 COO
-
 sym. str.; Cε-rock; 
1432 1432 1459  1431 CH2 sciss.  Cᵦ-bend 
  1548 1565 1543 NH3
+
 asym. bend 
Table 6-6: Experimental Raman shifts and Raman band assignments for Lys [27], [97], [103]–
[105]. 
A concentration of 0.1 M was prepared for Lys solution. At neutral pH, Lys exists as 
H3N
+
-HC(CH2)4-NH3
+
-COO
-
 with two protonated amine groups . Lys has a very high 
solubility in water and its side chain resembles ammonia, making it basic. Most bands 
are absent in the spectra of the solution in fig. 26 A, consistent with findings by Zhu et. 
al. [88].  In the measured SERS spectra with both AgHANP and AgCNP (figs. 26 B and 
D) none of the bands due to protonated amine groups were observed, suggesting that 
they could have been oriented away from the nanoparticle surface. Bands corresponding 
to the carboxylate groups are observed, together with those from the side chain 
methylene groups also dominating. This result was consistent with findings by S. 
Stewart and P. M. Fredericks in [27]. The proposed orientation is that the carboxylate 
group and the side chain methylene group were oriented close to the nanoparticle 
surface. Concentration study was done with respect to the Raman band between 1500 
and 1600 cm
-1
. The detection limit for Lys/AgHANP was 0.000 1 M and for 
Lys/AgCNP it was 0.007 M. 
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6.2.6 L-aspartic acid  
 
  
Figure 27: RS spectra of Asp solid and 0.4 M solution (with HCl as solvent) are shown in A. 
B is SERS spectra of Asp with AgHANP. C is a graph showing the change in Asp 
concentration against peak height for AgHANP. The horizontal line in fig. C shows the 
background counts. 
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RS bands [cm
-1
] SERS bands for each type of 
nanoparticle [cm
-1
] 
Band assignment 
Spectrum 
of solid 
AgHANP AgCNP(aggregat
ed AgCNP) 
AuNP  
772 714 772  OCO
-
  out-of-plane
 
865 822 840 815 C-C str.
 
928 988 932 919 OH out-of-plane bending; C-C
 
983  1024 990  
1072 1193 1068 1073 NH3
+
 wag.; C-N str.
 
1110 1283  1100 NH3
+
 wag.
 
1243 1444  1209  
1326  1386 1310 CH bend.
 
1407 1562 1386 1401 COO
- 
; (CH2) def.
 
  1541   
 1603 1614  NH2 shear
 
Table 6-7: Experimental Raman shifts and Raman band assignments for  Asp [88], [90]. 
 
A concentration of 50 mg/ml of Asp was dissolved in 0.5 M HCl with added heating to 
give 0.4 M of solution. HCl was used as a solvent due to the low solubility of Asp in 
water. Under acidic conditions, the amino group is protonated and the amino acid exists 
as HOOC-CH2-CH(NH3
+
)-COOH [72], [90]. However, the NH3
+
 band is not clearly 
observed when HCl is used as a solvent. For solid Asp, the strongest band observed was 
at 928 cm
-1
 in the spectrum of solid in fig. 27 A. However, in the solution spectra of fig. 
27 A there are no identifiable bands. This band appears at 988 cm
-1
, broad and shifted in 
Asp/AgHANP spectra in fig. 27 B. It is also noticeable that the spectrum of the solid 
Asp has sharp distinguishable peaks which are difficult to relate to those from aqueous 
samples. This is due to formation of new bonds which happens when the Asp sample 
interacts with water, HCl and the metal nanoparticles [72]. For Asp/AgCNP spectra, 
there were no bands which could be confidently identified. We propose that the 
carboxyl and the amine side chains are on the nanoparticle surface and taking part in 
charge transfer as they have the strongest bands. Concentration study was done with 
respect to the Raman band between 870 and 1050 cm
-1
. The detection limit for 
Asp/AgHANP was 0.003 M. Raman bands for Asp with aggregated AgCNP are shown 
in table 5-7 but the spectrum is in section 6.3. 
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6.2.7 L-glutamic acid 
 
  
  
Figure 28: RS spectra of Glu solid and 0.7 M solution (with HCl as solvent) are shown in A. 
B and D are SERS spectra of Glu with AgHANP and AgCNP respectively. C and E are 
graphs showing the change in Glut concentration against peak height for AgHANP and 
AgCNP respectively. The horizontal line in figs. C and E show the background counts.  
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RS bands [cm
-1
] SERS bands for each type of 
nanoparticle [cm
-1
] 
Band assignment 
Spectrum of 
solid 
AgHANP AgCNP AuNP  
703  715 718 COO
_
 def. 
766 751 761 787  
857 854 839 845 COOH def.; C-C str. 
910 908 915 908 C-C-N str. ; C-C str. 
967 997 999 992 C-C str. 
 1052    
  1070 1072 NH3
+
 wag.; C-N str. 
1115 1117 1114 1116 NH3
+
 def.  
1197 1195 1195 1197 CH2 wag. 
1302 1257 1281 1308 CH2 wag. 
1337  1346 1326 CH2 sciss. 
1399  1406 1403 COO
-
 symm. str. 
1428 1446 1431 1420 CH2 sciss.; COO
-
 symm. Str.  
 1633 1635   
Table 6-8: Experimental Raman shifts and Raman band assignments for Glu [27], [88]. 
 
A concentration of 100 mg/ml of Glu was dissolved in 1M HCl with added heating to 
give 0.7 M of solution. Under acidic conditions, the amino group is protonated and the 
sample exists as HOOC-(CH2CH2)-CH(NH3
+
)-COOH. The difference between Glu and 
Asp is the additional methyl group on the side chain. The band at 857 cm
-1
 in the 
spectrum of the solid, Glu in fig. 28 A is the strongest for Glu acid and is attributed to 
COOH deformation vibration [88]. Spectra for Glu dissolved in HCl with AgHANP and 
AgCNP shows strong identifiable peaks. The amine band close to 1115 cm
-1
 in all 
spectra for both figs. 28 B and D is present but weak in all SERS spectra suggesting that 
the band is possibly not oriented close to the nanoparticle surface. For this sample the 
side chain R-group seems to be close to the nanoparticle surface and experiencing 
chemical enhancement. Concentration study was done with respect to the Raman band 
near 1000 cm
-1
. The detection limit with Glu/AgHANP and Glu/AgCNP was 0.05 M 
and 0.07 M respectively.  
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6.3 SERS with aggregated nanoparticles 
 
Figure 29: Spectra of Asp dissolved in HCl with AgCNP and 
Asp dissolved in water with AgCNP aggregated with HCl. 
 
With water as solvent, 5 mg/ml Asp solution was made to give 0.04 M. The amount of 
Asp dissolved was according to the solubility of Asp in water. This was done because 
Asp dissolved in HCl did not work with AgCNP and some bands could not be 
confidently identified. Thus, water was then used as a solvent but now with aggregated 
AgCNP. For measurements, Asp solution was first put in a vial, followed by the rapid 
addition of the nanoparticles. HCl was added for it to induce aggregation and it was 
added last so as increase the chances of Asp molecules being trapped inside “hot spots” 
as the nanoparticles cluster. 
Asp in water had a measured pH of 2.81 suggesting its state as HOOC-CH2-CH(NH3
+
)-
COO
-
 [72], [90]. Similar to the strongest band in spectrum of solid at 928cm
-1
, the same 
band is very strong for Asp/ AgCNP, at 932 cm
-1
. This is due to the sample molecules 
being present within “hot-spots” and thus enhancing the Raman signal. In this case 
aggregation of nanoparticles indeed enhanced the Raman signal. The deprotonated 
COO
-
 band is indeed observed near 1400 cm
-1
. Though broad and slightly shifted, it is 
the strongest band and considerably enhanced mainly due to charge transfer mechanism 
inside the induced “hot spots” created by aggregation. We can suggest that in this case 
the deprotonated carboxylate group was the closest to the nanoparticle surface and 
greatly benefited from the induced “hot spots”. However the NH3
+
 band at 1068 cm
-1
 is 
present but very weak. According to our results it indeed shows that Asp existed in the 
suggested form. The results showed that pH does have an effect on the state of the 
amino acid. This result indeed showed increase in the Raman signal, confirming the 
formation of “junctions”/”hot spots” into which sample molecules were trapped. It is 
also important to note that aggregating agent may give different results based on the 
type of colloid being used, how it was prepared and the sample being analysed [81]. 
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6.4  SERS with gold nanoparticles 
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Figure 30: SERS spectra for amino acids with citrate reduced AgNP and AuNP. Spectrum A is 
1M Cys, B is 0.5 M Ser, C is 0.6 M Tyr (with HCl as solvent), D is 1 M Gly, E is 0.4 M Asp 
(with HCl as solvent), F is 0.7 M Glu (with HCl as solvent), G is 0.1 M Lys. 
 
In this section both types of nanoparticles, AgNP and AuNP, were citrate reduced, the 
only variable being the different metals used. Band assignments for the amino acids 
with AuNP are shown in the respective tables (tables 6-2 to 6-8) for each amino acid. 
Before SERS measurements, Raman spectra of the nanoparticles were measured to 
make sure no anomalous bands were present in the raw nanoparticles. SERS of these 
samples with AuNP was done so as to compare enhancement between nanoparticles 
made with different metals. Enhancement factors are calculated under section 6.5.  
 
For samples such as Ser and Tyr, it can be noticed that with AuNP more bands appear 
which are similar to those in their respective spectrums of solid samples. For Cys, 
spectra with citrate reduced AuNP had similar features to that with citrate reduced 
AgNP. The strongest band being the C-S stretch at 678 cm
-1
. This suggested chemical 
interaction of this bond to the gold surface and its shifting indicates that attachment and 
charge transfer occurred towards the gold metal [94]. Other obviously enhanced bands 
for Cys include the COO
-
 symmetric stretching band at 1390 cm
-1
, thus, the 
deprotonated carboxylate group chemically interacted with the gold surface. This 
interaction may have supported enhancement of the CH2 twist which is at 1339 cm
-1
 as 
the band would have benefited from the interaction of the lone electron pairs of the 
carboxylate group and the metal [94].  
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6.5 Enhancement factors and detection limit 
To characterise the SERS effect we report the enhancement factor (EF) for the different 
samples measured with AgHANP, AgCNP and AuNP. The enhancement factor was 
calculated as a ratio of the SERS and the RS intensities, according to equation (18) 
below without taking into account the amino acid concentrations. From the data below, 
regardless of the amino acid concentration most of the amino acids gave higher EFs 
with AgHANP compared to the EFs given with AgCNP and AuNP. Between silver and 
gold nanoparticles, we expected higher EFs with gold nanoparticles since their 
absorption peak position of 524 nm was a close match to the wavelength of the 
excitation source, 532 nm, thus, causing near resonance excitation which greatly 
amplifies the Raman signal. However, only 2 amino acids, Ser and Tyr have high EFs 
with gold nanoparticles of 6.6x10
0
 and 2.4x10
1
 respectively. For those amino acids 
dissolved in water Lys gave the highest EF of 5.4 x 10
1 
with AgHANP. For all amino 
acid samples used in concentration study, Lys also gave the lowest detectable 
concentration when measured with AgHANP and AgCNP, of 1 x 10
-4
 M and 7 x 10
-3 
M 
respectively. This suggests that the detection limit, which we are defining as the lowest 
amino acid concentration that could be measured by the instrument, for all the amino 
acids, was a low 1 x 10
-4
 M of Lys with AgHANP. For the amino acids dissolved in 
HCl, Asp gave the highest EF of 7.0x10
1
. The value indicated in the table for Asp with 
AgCNP is that of Asp dissolved in water and with aggregated AgCNP. The 
enhancement factor was a low 4.7 x 10
1
, a value lower than that reported in literature 
which results from molecules trapped in between two or more clustered nanoparticles 
[30]. Possibly this was because of different measuring conditions and low solubility of 
Asp in water. 
 
𝐸. 𝐹. =
𝐼𝑆𝐸𝑅𝑆
𝐼𝑅𝑆
  (19) 
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Amino 
acid 
Group Concen-
tration 
 
Raman band 
region/cm
-1
 
Raman mode Enhancement factor (EF) 
AgHANP AgCNP AuNP 
Ser Alcohol 0.5 M 1300 - 1400 Unassigned 1.0x10
0 
1.6x10
0 
6.6x10
0 
Cys Sulphur 1.0 M 850 - 950 C-C str. 6.8x10
0 
  
690 - 750 C-S asym. str.  2.0x10
0 
1.0x10
0 
Gly Hydro-
phobic 
1.0 M 850 - 950 C-COO str. 8.1x10
0 
3.7x10
0 
3.7x10
0 
Glu Acidic 0.7 M 970 - 1010 C-C str. 4.1x10
1 
9.1x10
0 
4.5x10
0 
Tyr Aromatic 0.6 M 1150 - 1250 Ring str. of 
para- 
substituted 
benzene 
2.3x10
1
 2.3x10
1 
2.4x10
1 
Lys Basic 1.0 M 1550 - 1600 NH3
+
 asym. 
bend 
5.4x10
1 
3.5x10
1 
3.5x10
0 
Asp Acidic 0.4 M 950 - 1050 OH out-of-
plane bending 
7.0x10
1 
4.7x10
1
 4.4x10
0
 
Table 6-9: Enhancement factors for SERS of amino acids with AgHANP and with AgCNP. 
These results are based on the conditions used in the study. It is important to realise that 
with SERS, changing measuring conditions such as laser power, measuring geometry, 
salt concentrations, temperature and nanoparticle size affects reproducibility of spectra. 
Also even if similar conditions are used, there are also factors which affect 
reproducibility of spectra which need to be considered, such as proximity and 
orientation of sample molecules on nanoparticle surface. These factors have the ability 
to cause slight variations in spectra. SERS is a very sensitive technique and to ensure 
reproducibility strict measuring protocols are to be followed.  
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6.6  Application of RS and SERS 
Raman spectroscopy of a natural protein source  
 
Figure 31: RS and SERS of egg white. 
 
 
Figure 32: RS and SERS of egg yolk. 
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Egg  
white 
Egg white 
 + AgNP 
Egg yolk Yolk + 
 AgNP 
Band assignment 
688 683 723 715 C-S str. Cys  
733 750   Trp  
815 815 813 815 Tyr doublets 
 
 
876 884 867   
      
915 926   C-C vibration  
  947 949 C-C sym.str.   
980 994 994 993 Ring breathing (Phe)  
1010 1026   Phe  
  1047 1045 C-C str.  
  1072 1073 C-C; C-N str. 
(aliphatic) 
 
1091 1109   C-C sym. str.  
  1115 1116 C-C str.  
  1146 1146   
1142 1156   C-C str.  
  1179 1177   
1222 1227 1236 1235 β-sheet 
Amide III bands 
 1252 1249 1255 Random coil 
 1300  1273 
α-helix 
  1294 1289 
1306 1320   (CH2 def; CH3 def.  
1380 1394   COO
-
 sym. str. aspartic 
and 
 glutamic acids 
 
1429 1440 1430 1433 CH2 bend.  
  1511 1511   
1538 1542   Trp  
 1550  1547  Amide II band 
1597 1608   Phe/ Tyr  
 1615  1613 Antiparallel β-sheet 
Amide I band 
1642 1646  1647 Unordered C=O str. 
peptic bonds of  
Amide I 
    
 1651-56 1651  α-helix 
   1676 Antiparallel β-sheet 
Table 6-10: Experimental Raman shifts and Raman band assignments for chicken egg white 
and york [30], [106]–[109].  
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The egg was locally sourced and the egg white and yolk were used with no processing. 
The fingerprint region 600 - 1800 cm
-1
 consists of proteins, amide bands and amino 
acids present in the egg white and yolk. These spectra were measured to show that with 
the new Raman system we are indeed able to also measure real proteins from known 
substances and food stuffs. Both egg white and yolk contain similar proteins such as 
conalbumin, ovalbumin and lysozyme with egg yolk, however, also containing fatty 
acid esters / lipids [106], [110].  
 
In their native structure proteins are stabilised by ionic bonds, hydrophobic interactions, 
hydrogen bonds and disulphide covalent bonds. Factors affecting protein environment 
include pH, salt concentration, temperature and type of solvent [30], [108]. By 
performing RS and SERS on egg white and yolk, we were able to see how bands were 
affected due to adsorption on the metallic surface. Amide bands were identified in 
different positions and shapes. These bands characterised the different protein 
conformations which are indicated in table 6-9. In the presence of AgCNP for both egg 
white and yolk, the shifting and appearance of new amide I bands shown in the SERS 
spectra may have been due pH changes which affected the H-bonds or protein-
nanoparticle interactions, thus, consequently altering the native structure of proteins. 
The amide II band in both egg white and yolk is quite weak compared to other 
identified bands. The amide III band has matching conformations to those from amide I 
band. In amide I and III there is shifting of bands. This is caused by interaction of the 
proteins with the colloids. 
Aromatic amino acids contributed greatly in the spectra. Examples are L-tyrosine (Tyr) 
and phenylalanine (Phe). The phenylalanine band close to 1000 cm
-1
 is one of the 
biomarkers of proteins and it usually stands out in proteins by having a high intensity 
and being insensitive to protein conformations. However, it displays low intensity in the 
measured spectra. The Tyr doublets at 815 cm
-1
 are weak but present, being caused by 
Fermi resonance of the in-plane breathing mode of the phenol ring and an overtone of 
the out-of-plane deformation mode [88], [108]. In egg white the Tyr doublets appear 
stronger in the presence of nanoparticles suggesting close proximity to the nanoparticle 
surface and the bonds experiencing chemical enhancement. Chemical enhancement is 
also ascribed to all other identified bands suggesting that they were directly attached to 
the nanoparticle surfaces. However, in egg yolk the Tyr doublets weaken and this 
indicates an effect in the structure of proteins. 
The results obtained for measurements of egg white and yolk with nanoparticles do not 
support the concept of SERS since bands decreased in intensity instead of being 
enhanced. The SERS peak heights are not as good as those for the RS, instead they have 
low intensity contrary to what is expected in SERS signal enhancement. However, for 
egg white, more bands can be identified and distinguished in the SERS spectra. Though 
the SERS peaks had low intensity the spectra were reproducible and consistent. To our 
knowledge such results of decreased Raman signals have not been found in literature 
sources and the reason as to why there was decreased peak intensity is not known. 
However, from literature, SERS studies have been done on egg white and yolk using 
silver nanoparticles and Raman bands showed significant enhancement. In most studies, 
SERS or RS on egg is done using films of egg white and egg yolk. Philippidis and co-
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workers performed SERS studies on egg white and natural amino acids in order to 
develop adaptable methods of investigating bio-organic materials [109]. In that study, 
there was increased peak intensity in the SERS spectra, however, a compact mobile 
Raman spectrometer was employed and thin films of egg white and natural amino acids 
were used, conditions different from those employed in our study.  
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7 Conclusion  
7.1 Standard protocols of measurement on 
biomolecules (amino acids) 
Finally, in this section we give the standard measuring protocols to be applied when 
investigating standard samples of proteins and amino acids using RS and SERS 
techniques based on the performance of our Raman setup and measuring conditions. 
Instrumentation: It is important not to disrupt the instrumental setup in order to have the 
same measuring conditions on all samples being measured. 
Sample preparation and handling: Gloves are to be used when preparing samples as 
well as use of clean plastic/metal spatulas for transferring solid samples. All samples to 
be analysed must be fresh in order to have strong signals. Some samples precipitate out 
over time, example is Cys, which will make them unusable for SERS measurement. 
Samples are to be contained in clean bottles or vials to avoid contamination. During RS 
or SERS measurement, a new micropipette tip is to be used for transferring any liquid, 
this avoids contamination. Once a small amount of chemical is transferred from the 
stock solution it cannot be returned into the stock solution to avoid contamination of the 
whole lot. Further instructions on handing chemicals may be consulted from chemical 
and health safety guides. 
Nanoparticles, storage and preparation: It is essential for containers to be extremely 
clean for nanoparticles preparation. Contaminants during colloid preparation result in 
unwanted nucleation of foreign particles on the nanoparticles. This diminishes the 
quality of the nanoparticles, affecting their surface and consequently the foreign 
particles may also contribute their undesired Raman bands during measurements. All 
nanoparticles are very sensitive any foreign substance which makes its way into the 
colloid stock solution would lead to the whole batch being discarded and unfit for use. 
All nanoparticle ingredients are to be stored safely in a cupboard under room 
temperature and conditions. Gold (in the form of chloroauric acid) is easily oxidised if 
left open, thus the container should be tightly closed at all time. One simple way to 
check if the gold is still fresh is to put a small amount in a silver metal spatula in the lab. 
The surrounding spot where the gold is will start turning blue/ blue black as the metals 
react. Thus, a plastic spatula is appropriate for transferring chloroauric acid. During 
preparation of AuNP the prescribed synthesis methods are to be followed to produce the 
desired colloid. Colloids are to be stored in closed containers to avoid oxidation and in a 
dark place such as a cupboard or refrigerator. In the presence of light, nanoparticles are 
prone to photo-oxidation. 
Measurements (UV-Vis, TEM, RS, SERS): Some nanoparticles require dilution with 
water for UV-Vis measurements to avoid detector saturation. Carbon coated copper 
grids for TEM are very small and care needs to be taken in storing and handling them to 
avoid other substance from sticking onto the grids, thus affecting their surface. When 
transferring colloids onto the grids, a generous amount must be transferred onto the 
grid. In this study the colloids were transferred with a dropper while the grids were on a 
tissue paper, afterward they were left open to dry under monitored room conditions 
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prior to TEM measurements. During RS or SERS measurements acquisition parameters 
are to be maintained according to the instrument being used. All RS and SERS 
measurements are to be done in a dark room, with no light. Light from other sources 
will also enter the detector, be registered and populate the RS or SERS spectra. 
7.2 Summary 
In this study SERS was carried out on a small selection of amino acids and assignments 
of vibrational bands were done based on the spectra acquired with reference to literature 
sources which have done RS and SERS studies with the same amino acids. Spectra of 
solids gave sharp distinguishable peaks due the fact that in solid state there is no 
interaction of particles with any solvents which causes formation of new bonds which 
may result in broadened and shifted peaks. The majority of results correspond well with 
those from literature such as studies carried out on L-cysteine, glycine, L-lysine, L-
serine, L-tyrosine and L-glutamic acid. Differences in our measured results in 
comparison with those from literature are found mainly due to different measuring 
conditions. For instance results by C. Jing and Y. Fang on Cys show that using a near 
infra-red laser excitation source there is significant enhancement of bands with gold 
nanoparticles and none with silver nanoparticles. In that study enhancement with silver 
was observed under aggregation of silver nanoparticles with chloride ions [94]. 
However, in this study both silver and gold showed significant enhancement during 
SERS with visible laser though the enhancement factors differed.  
The detection limit was not the same for all amino acids. For most of the amino acids 
which include Cys, Gly, Lys, Asp and Glu, the lowest concentrations were measured 
with AgHANP. This is probably because from the absorption spectra there is narrow 
size distribution and more silver nanoparticles resonate close to the wavelength of the 
excitation source, thus, enhancing the RS signal. With AgCNP, there was a wide size 
distribution of nanoparticles and less of the nanoparticles resonate close to the laser line. 
This affects the enhancement factors.  From our results, it was also observed that the 
lowest detectable amino acid concentrations are not actually very low compared to 
concentrations reported in literature. Though measuring conditions differ, some SERS 
studies have reported on measurements of concentrations as low as 1x10
-4
 M for amino 
acids such as Cys and Gly using colloidal silver [111].  However, these results were 
obtained using considerably smaller AgNP synthesized by the reduction of Ag
+
 using 
NaBH4.  
From the results of concentration study, peak intensity increases as amino acid 
concentration increases. However, for very high amino acid concentrations, not much 
increase in peak intensity would be expected because even though the amino acid 
molecules are increasing per given scattering volume, the concentration of nanoparticles 
will not be changing. Hence, in some cases peak intensities may start approaching a 
constant value as observed in Glut with AgHANP. Also, some data points may appear 
scattered as amino acid concentration increases and not show a ‘smooth’ trend because 
for that particular band being tracked, its orientation on the metallic surfaces changes 
with each new sample being measured as observed for Tyr with AgHANP and Glu with 
AgCNP. 
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In general, each amino acid had its own unique spectrum characteristic of its chemical 
structure. Some of the proteins had diagnostic bands which classified them into their 
respective groups based on the R-group side chain. However, there are some bands 
which are expected to be found in every amino acid spectra. Every amino acid has an 
amine and carboxyl side chain. Bands of these side chains were found in all the amino 
acid spectra presented in this report.  
In section Appendix B, amino acids have been grouped according to their respective 
classes which are polar but uncharged (Cys, Tyr, Ser), acidic (Asp, Glu), basic (Lys) 
and hydrophobic (Gly) amino acids. The common bands in all spectra, which are the 
carboxylate and amine bands have been marked. Through an overall analysis of amino 
acid spectra measured in this study, there was a general observation made on how bands 
oriented on the nanoparticle surface. It was observed that bands would tend to orient via 
the carboxylate, amine or the R- group.  The presence of the carboxyl group, in cases 
where it appears strong, suggests that it was oriented close/on to the metallic surface 
and experiencing chemical enhancement. In most cases the carboxyl group appeared 
broad and shifted. This is attributed to the charge transfer between the lone electron 
pairs of the oxygen atom and the metal itself, thus promoting chemical enhancement. 
Even in the protein source (egg white) used in this study the carboxyl group was also 
present. Nitrogen in the amine group also has a lone electron pair which also take part in 
charge transfer with the metallic nanostructure. Some amino acids which have strong 
bands, such as Tyr tend to orient via the functional group. The R-group of Tyr consists 
of π electrons which can also take part in charge transfer, thus, chemically enhancing 
RS signals. Cys has a sulphur group which has high affinity for metals and hence, it 
tends to bind strong strongly onto the nanoparticle.  
Overall, these findings are in accordance with what has been reported on SERS of l-
amino acids by authors such as Stewart and Fredericks [27] and Zhu et al [88]. They 
have also illustrated how the amino acids adsorb on metallic surfaces. For instance, Cys 
adsorbs via the thiol group as well as the carboxylate group. Findings by Podstawka et 
al on amino acids also showed similar patterns of adsorption via the carboxylate, amine 
and R-groups onto the silver surface for amino acids such as Cys and Gly [111].  
Siddhanta and Narayana also stated that protein interaction with metal surfaces occured 
through the carboxylate and the amino group [30]. This is in line with findings of this 
study that the carboxylate, the amino and the R-group do interact with the metal 
substrates.  
As previously stated, some of the results presented may differ from those found in 
literature possibly due to different measuring conditions. However, it is important to 
note that these results are new and to our knowledge have not been published before in 
literature. These are results performed under the same conditions using different classes 
of amino acids and employing silver and gold nanoparticles, which are easy to 
synthesize. Investigation on RS and SERS was done using a single RS setup developed 
by our labs with the main purpose of advancing the SERS tool for bio-analytical 
purposes using our in-house developed instrument. This was the main aim of the 
project. Further on, protein sources found and used in day to day lives were measured 
using our instrument. Amino acids were identified in egg white and yolk. This further 
showed the ability of our instrument to measure real life proteins. Nanoparticles utilised 
for the SERS studies were successfully synthesised using standard recipes and 
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characterisation was done using TEM and UV-Vis techniques. Modification of the 
nanoparticles by aggregation indeed achieved high Raman signals due to the intimate 
interaction of sample molecules with the large plasmon resonances as well as charge 
transfer mechanism in the generated “hot spots”. 
7.3  Future work and general comments 
We seek to increase the level of sophistication of this research by optimising our Raman 
setup to enable detection of very low concentrations. We anticipate that by doing so we 
will obtain more information on protein and amino acid structure, which could help in 
better understanding them. For further studies in biofilms, the identification and 
characterization of standard proteins and eventually microorganisms found embedded in 
EPS and their growth dynamics based on produced metabolites are very important in 
fields ranging from the accurate and rapid diagnosis of bacterial infections to industrial 
processes and in industry. Apart from the utilised metals namely Ag and Au, other 
metals such as Cu may be employed, but taking into account that the plasmon resonance 
of Cu is not as strong as those of Ag and Au. Recent studies have suggested cost 
effective ways of fabrication Cu nanostructures using ultrafast laser pulses [112]. 
Studies on metallic substrates have also highlighted how graphene and graphene-
metallic films enable SERS sensitivity and stability and how graphene plasmonics can 
be excited from mid-infrared to terahertz range with low loss in low frequency regions, 
at the same time also enabling single molecule detection [113].  In this study a label 
free
11
 SERS method of detection of biomolecules was employed as it allowed direct 
acquiring of biomolecule spectra. However, the SERS label free method has its 
limitations as it is difficult to apply in cases of bulk proteins. Recent studies have 
highlighted developments in multiple protein identification, by employing extrinsic
12
 
SERS labelling techniques which allow indirect detection of biomolecules such as 
DNA/RNA. 
  
                                                 
11
 Direct method of detecting biomolecules without use of Raman dyes. 
12
 Indirect method of detecting biomolecules by use of Raman dyes. 
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Appendices 
A. Modified Polyfit Method for background subtraction written in Matlab: 
% ---------------------Clearing all commands------------------------------- 
 
clc 
clear 
 
% ---------------------Modified Polyfit Method----------------------------- 
 
a = load('values.csv'); % load data into MATLAB 
count=0; 
while(count < 200) % do 200 or less iterations depending on the amount of fluorescence 
    count = count+1; 
    if count==1 
        y=a(:,2); % the y column of raw data 
    else 
        temp = y2; 
        y = y2; % initialising the variable y2 for the polynomial y values to be calculated 
    end 
    x=a(:,1); % the x column of the data 
    p = polyfit(x,y,7); % generate polynomial coefficients 
                        % the degree of the polynomial is changed as 
                        % desired/necessary 
    poly = polyval(p,x); % for each polynomial value calculated assign the corresponding 
x value 
     
    y2 = poly; % the calculated polynomial y values 
    for i=1:size(x) 
        if count==1 
            if y2(i) - y(i) > 0; % if data point in generated curve has intensity value > its 
respective 
                                 % pixel value in inanoparticleut spectrum then reassign  
               y2(i)=y(i); % reassignment  
            end 
        else 
            if y2(i) - y(i) > 0; 
                y2(i)=temp(i); 
            end 
        end  
    end 
end 
 
%----------------------plotting the final fit after background subtraction---------------- 
 
x=a(:,1); % the x column of the data 
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y=a(:,2); % the original y column of the data 
for e=1:(length(y2)) 
    final(e) = y(e)-y2(e); % subtrating original y-value from nth iterated y-value 
end 
plot(x,y,'k'); % plot original raw graph 
hold on 
plot(x,y2,'m') % plot polynomial 
hold on 
plot(x,final,'r') % plot final graph after background subtraction 
title('Graph of Counts vs Wavenumbers') 
xlabel('Wavenumbers (cm-1)') % x-axis label 
ylabel('Counts (a.u)') % y-axis label 
legend('y=Raw Raman Spetrum','y=polynomial fit','y=Processed Raman 
Spectrum','location','east') 
%--------------------------------------------End---------------------------------------------- 
 
 
Figure 33: Example of graph, before and after background subtraction. 
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In this section the amino acids used in this study are presented and classified according 
to their respective classes. For particular type of nanoparticle some of the samples are of 
the same concentration while for another type of nanoparticles the sample 
concentrations are different. The important information being presented here are the 
common bands for side chains which appear in almost every amino acid according to 
the SERS spectra. These bands are the carboxylate and the amine side chains.  
 
B. Polar but uncharged amino acids 
 
Figure 34: SERS spectra of polar but uncharged amino acids with AuNP. The 
samples have different concentrations and the spectra were only for showing the 
carboxylate, amine and R-groups in the amino acids. 
 
Figure 35: SERS spectra of polar but uncharged amino acids with AgHANP. The 
concentration is the same for all three samples, the carboxylate, amine and R-groups 
have been labelled.  
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Figure 36: SERS spectra of polar but uncharged amino acids with AgCNP. The 
concentration is the same for all three samples, the carboxylate, amine and R-groups 
have been labelled. 
 
C. Acidic amino acids 
 
Figure 37: SERS spectra of acidic amino acids with AuNP. The carboxylate and 
amine groups have been labelled. 
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Figure 38: SERS spectra of acidic amino acids with AgHANP. The carboxylate and 
amine groups have been labelled. The samples are of the same concentration. 
 
D. Basic amino acid(s) 
 
Figure 39: SERS spectra of a basic amino acid with AgHANP, AgCNP and AuNP. All 
three spectra have been presented on one plot only to show the carboxylate, and amine 
groups which appear in the spectra. 
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E. Hydrophobic amino acid(s) 
 
Figure 40: SERS spectra of a hydrophobic amino acid with AgHANP, AgCNP and 
AuNP. All three spectra have been presented on one plot only to show the carboxylate 
and amine groups which appear in the spectra. 
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